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INTRODUCTION 


/ 


Breast  cancer  is  one  of  the  most  important  cancers  afflicting  women  and 
presents  challenging  treatment  decisions.  After  p53  alterations,  the  most  frequent 
change  in  an  identified  gene  is  amplification  and/ or  overexpression  of  the 
neu/erbB-2/HER-2  gene,  which  occurs  in  up  to  one-third  of  breast  cancers.  The 
gene  product  (denoted  pl85  or  non-italicized  neu ),  is  a  receptor  tyrosine  kinase 
(RTK)  [1,2,3].  This  gene  was  originally  discovered  in  mutant  form  in  chemically- 
induced  rat  nervous  system  tumors  and  is  now  known  to  be  a  member  of  the 
Type  1,  or  epidermal  growth  factor  (EGF)  receptor  gene  ( erbB )  family.  The  family 
includes  four  receptors,  which  will  be  referred  to  herein  as  the 
EGFR,  neu,  erbB-3,  and  erbB-4.  (See  our  review,  [4],  Appendix).  Small-scale 
screens  for  neu  alterations  in  human  tumors  led  to  discovery  of  changes  in  a 
number  of  adenocarcinomas  including  breast  [5],  ovarian,  gastric,  bladder,  lung, 
and  colon.  Two  influential  studies  showed  that  neu,  and  not  a  panel  of  other 
oncogenes  is  amplified  in  breast  and  ovarian  carcinomas  and  that  this 
amplification  correlates  with  RNA  and  pl85  overexpression  [6,  7].  Numerous 
studies  of  neu  in  mammary  carcinoma  have  led  to  the  following  conclusions  [4] 
(Appendix). 

1  .neu  is  amplified  in  20-30%  of  mammary  carcinomas,  with  the  frequency 
of  amplification  higher  in  tumors  from  patients  with  affected  lymph  nodes  [8,  9, 

10,  11,  12,  13,  14,  15,  16].  The  gene  amplification  suggests  that  there  is  a  selection 
in  the  tumors  for  neu  overexpression.  (It  cannot  be  absolutely  ruled  out  that 
neighboring  genes  are  selected  for  amplification.) 

2.Amplification  correlates  well  with  concomitant  RNA  and  pl85 
expression  [6,  7].  An  additional  5%  of  specimens  overexpress  the  receptor  without 
obvious  changes  in  gene  structure  or  copy  number  [5,  11,  15,  17]. 
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3.There  is  no  evidence  for  structural  mutations  in  pl85  in  human  tumors. 
This  negative  result  is  weak  owing  to  the  high  copy  number  of  genes  and  the 
large  size  of  the  mRNA.  Recent  work  in  the  mouse  transgenic  system  suggests 
that  this  issue  should  be  reconsidered  [18]. 

3. Amplification  and/or  pi 85  overexpression  can  be  found  in  all  grades  and 
stages  of  carcinomas,  but  not  hyperplasia  or  dysplasia.  It  is  found  more  frequently 
in  ductal  carcinoma  in  situ  (DCIS)  than  in  infiltrating  ductal  carcinoma  (IDC)[14, 
16,  19,  20]. 

^Amplification  and/or  pl85  overexpression  is  associated  with  poor 
prognosis,  especially  in  node-positive  patients.  However  the  extent  of  this 
association  and  independence  from  other  prognostic  markers  varies  greatly 
among  different  studies  (reviewed,  [4]. 

Taken  together,  these  data  indicate  that  neu  amplification  and 
overexpression  play  a  major  role  in  mammary  carcinogenesis.  This  is  consistent 
with  findings  in  model  systems:  i)  the  mutated  rat  neu  oncogene  is  as  potent  as 
any  including  ras  in  tissue  culture  systems.  ii)In  contrast  to  other  growth  factor 
receptors  including  the  EGFR,  overexpression  of  pi 85  in  the  absence  of  ligand  is 
sufficient  to  transform  cells  [21,  22].  iii)Transgenic  mice  harboring  a  mutationally 
activated  neu  oncogene  develop  multi-focal  mammary  carcinoma  when 
expressed  under  control  of  a  murine  mammary  tumor  virus  (MMTV)  promoter, 
which  confers  high  level  expression  in  mammary  gland  and  a  few  other  tissues 
(not  found  in  all  studies  [23,  24].  iv)Perhaps  most  compelling  is  the  fact  that 
transgenic  mice  carrying  a  structurally  normal  neu  gene  driven  by  the  MMTV 
promoter  develop  metastatic  mammary  carcinomas  [25].  This  is  noteworthy 
because  it  reconstructs  what  appears  to  be  occurring  in  human  cancer: 
overexpression  of  normal  pl85  in  mammary  tissue. 
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Since  pl85neM  is  a  cell  surface  protein  that  seems  to  play  a  causal  role  in 
mammary  carcinogenesis,  it  is  under  intensive  investigation  as  a  therapeutic 
target  [4,  26].  Phase  II  clinical  trials,  in  which  patients  were  infused  with  anti-neu 
antibody  4D5  have  been  completed  with  a  roughly  15%  response  rate,  and 
represent  the  vanguard  for  expanded  therapeutic  trials  targetting  this  receptor  (J. 
Baselga,  personal  communication).  In  spite  of  the  findings  linking  neu  to 
mammary  carcinoma,  and  despite  the  fact  that  patients  are  already  being  exposed 
to  neu  antagonists,  little  is  known  about  the  function  of  neu  either  in  the 
organism,  or  in  breast  cancer. 

The  physiological  function  of  pl85neu'  like  any  hormone  receptor,  can 
only  be  understood  in  the  context  of  the  hormones  that  regulate  it.  The  EGFR  is 
activated  by  binding  of  at  least  six  different  peptide  hormones,  EGF,  TGF-a, 
amphiregulin  (AR),  betacellulin  (|3C),  epiregulin  [27](epi)  and  heparin-binding 
EGF-like  growth  factor  (Hb-EGF)[28,  29,  30,  3 1].  pl85,  by  itself,  cannot  bind  or  be 
activated  by  these  hormones  (epi  has  not  been  tested).  We  discovered  that  EGF 
and  TGF-a,  which  do  not  bind  to  pl85,  activate  pl85  Tyr  phosphorylation  and 
stimulate  pl85-associated  kinase  activity  [2,  32].  This  phenomenon,  now  termed 
transmodulation,  is  dependent  upon  the  co-expression  of  the  EGF  receptor  with 
pl85  [33,  34,  35,  36].  It  probably  occurs  at  least  in  part  through  formation  of 
receptor  heterodimers  [37,  38].  Transmodulation  of  neu  by  the  EGFR  is 
biologically  relevant  since  it  works  with  EGF,  TGF-a,  betacellulin  (see  below)  and 
AR,  stoichiometrically  activates  pl85  [32],  permits  association  of  substrates  [39], 
and  correlates  with  in  vivo  synergy  in  transforming  ability  of  these  two 
receptors  [40] .  Thus  wherever  the  two  receptors  are  co-expressed,  EGFr  agonists 
activate  neu  .  In  cell  lines  that  express  both  receptors,  EGF-regulated  neu 
signaling  is  at  least  as  important  as  signaling  by  the  EGFR  [41].  Since  pl85  and 
the  EGFR  have  distinguishable  signaling  activities  [42],  this  means  that 
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regulation  of  neu  production  provides  a  means  to  alter  the  signal  coupled  to 
EGF. 

The  transmodulation  of  neu  by  the  EGFR  is  a  prototype  for  other 
interactions  within  the  Type  1  receptor  family  discovered  more  recently. 

Ignorance  of  these  interactions  has  confused  many  groups  studying  the  EGFR  and 
resulted  in  a  rather  muddy  literature  which  is  just  now  being  rationalized  [4, 43]. 
For  example,  several  laboratories  independently  identified  an  activity  termed 
Heregulin,  neu  diffentiation  factor,  gp30,  p 75,  neuregulin,  ARIA,  and  Glial  Cell 
Growth  Factor  (GGF)  [44,  45,  46,  47,  48,  49,  50,  51],  a  family  of  related  proteins 
evidently  produced  by  alternate  splicing  [50]  (They  will  be  referred  to  collectively 
here  as  NRG,  for  the  composite  name  neuregulin,  or  as  NDF).  At  first  the  NRGs 
seemed  to  be  neu  ligands  since  they  activate  pl85  tyrosine  phosphorylation  in  the 
absence  of  the  EGFR  and  could  be  cross-linked  to  neu  [45, 49].  However,  it  is  now 
known  that  NRGs  bind  to  both  erbB-3  and  erbB-4  which  can  then  activate  neu  by 
transmodulation  [52,  53].  A  further  complication  of  this  receptor  system  is  that 
erbB-3  lacks  robust  kinase  activity,  and  itself  requires  a  second  receptor  for 
activity  [54]. 

Additional  candidates  for  neu  ligands  have  been  identified  but  not  yet 
expressed  in  recombinant  form  and  tested  for  activity  [55,  56].  Nonetheless,  the 
independent  purification  of  NRGs  by  three  different  laboratories  seeking  the  neu 
ligand  suggests  that  in  mammary  epithelia  the  significant  inputs  to  neu  may 
come  through  transmodulation:  transmodulating  agonists  TGF-a,  AR,  and  NDFs 
are  often  produced  in  mammary  tissue  or  cell  lines  [57,  58,  59]  as  are  the 
cooperating  receptors.  Even  if  these  hormones  are  uniquely  responsible  for  neu 
activation  in  mammary  tissue,  the  biological  complexities  may  be  enormous.  TGF- 
a  and  AR,  although  both  EGFR  agonists,  have  somewhat  different  biological 
activities  [28].  NRGs  at  first  seemed  to  have  radically  different  activities  than  EGF 
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agonists  since  they  promote  differentiation  in  some  cell  lines  [49,  60]  (but  not 
others  [45,  50]),  but  this  has  still  not  been  verified  in  tissue [4]. 

In  summary,  neu  amplification  and  overexpression  is  likely  to  play  a 
significant  role  in  carcinomas  where  it  occurs.  However,  the  presence  of  activating 
mutations  and  agonistic  peptide  hormones  will  regulate  neu  function  much  more 
strongly  than  abundance.  The  Type  1  RTKs  comprise  a  network  in  which  the 
signaling  potential  of  each  receptor  is  conditioned  not  only  by  the  presence  of 
hormones,  but  is  further  regulated  by  the  co-expression  of  related  RTKs.  The 
long-term  focus  of  this  grant  is  to  define  the  capabilities  of  the  erbBfamily 
receptor  network:  the  spectrum  of  hormones  that  activate  each  receptor  and 
receptor  combination,  and  the  differences  among  signalling  pathways  governed 
by  these  receptor  systems.  These  objectives  include: 

Aim  1:  Signalling  of  individual  receptors  and  receptor  combinations  will  be 
compared  by  investigating  receptor  phosphoryaltions  and  substrate 
phosphorylations  to  determine  how  receptor  interactions  modulate  signalling 
specificity. 

Aim  2:  Functions  of  NRG  ecto-  and  endo-domains  will  be  analyzed. 

Aim  3:  Biological  activity  of  NRGs  and  NRG/TGF-a  combinations  will  be 
determined  in  tissue  culture. 
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Table  1.  Response  of  Ba/F3  cell  lines  to  growth  factors.  (Details  [61, 62], 
Appendix  and  unpublished).  a-  and  +  refer  to  stimulation  above  basal  PTyr. 
^ambiguous  with  high  basal  PTyr.  NA,  not  applicable;  NT,  not  tested.  ^N-no 
survival;  S,  survival,  P,  proliferation  in  the  presence  of  the  factor  designated. 
cThe  Tyr  phosphorylation  pattern  induced  by  these  three  factors  was  identical; 
growth  responses  were  not  determined. 
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I.  erbB  receptor  signalling  network. 

The  foremost  objective  for  year  1  was  to  determine  the  ability  of  each 
receptor  and  receptor  combination  to  respond  to  each  of  the  EGF  family  agonists. 
Without  knowing  which  hormones  activate  which  receptors,  it  is  impossible  to  interpret 
the  biological  function  of  either.  We  undertook  a  parallel  analysis  of  the  aggregate 
signaling  potential  of  this  receptor  family  by  expressing  all  four  human  erbB 
family  receptors,  singly  and  in  each  pairwise  combination  in  a  uniform  cell 
background.  We  have  used  the  resulting  cell  lines  for  the  first  comprehensive 
evaluation  of  erbB  family  receptor  activation  and  coupling  to  cellular  responses 
by  NRG,  EGF,  Betacellulin,  AR,  TGF-a,  and  HB-EGF.  (Table  1,  and  [61, 

62] Appendix).  This  work  has  resulted  in  the  two  publications  accompanying  in 
the  Appendix,  and  a  third  manuscript  describing  the  AR  and  HB-EGF  results  is 
in  preparation.  Completion  of  this  work  represents  a  major  step  in  carrying 
through  the  first  Aim.  It  represents  completion  of  Taskl,  a.,  b.,  and  c.  in  the 
Statement  of  Work.  This  task  is  slightly  ahead  of  schedule.  Task  Id.  and  Task  2 
will  be  performed  as  proposed  (2a.  was  to  have  been  performed  year  1.) 

A.  Approach.  The  mouse  Ba/F3  pro-B-lymphocyte  cell  line  was  chosen  for 
expression  of  erbB  family  members  because  the  survival  and  proliferation  of  the 
cells  are  tightly  regulated  by  exogenous  growth  factor  (IL-3).  Prior  to  the  onset  of 
this  grant  we  began  to  produce  cell  lines  by  transfection  of  all  four  erbB  family 
cDNAs  singly  and  in  each  of  the  pairwise  combinations.  Production  and 
screening  for  receptor  expression  of  these  cell  lines  was  completed  in  year  1  of 
this  grant.  Each  of  the  cell  lines  was  then  stimulated  with  every  EGF-like  growth 
factor,  with  the  sole  of  exception  of  epiregulin,  which  was  only  discovered  this 
year.  We  are  currently  negotiating  to  obtain  epiregulin.  The  response  of  cells  to 
these  factors  was  measured  in  two  ways:  i.)  the  Tyr  phosphorylation  of  the 
receptor(s)  expressed  in  the  cell  lines  was  determined  by  immunoprecipation  and 
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anti-PTyr  immunoblotting.  This  results  defines  the  ability  of  each  factor  to  couple 
to  each  receptor,  and  in  essence  defines  for  the  first  time  the  full  capabilities  of 
the  erbB  family  factor  and  receptor  network.  ii.)The  ability  of  the  ligand-activated 
receptors  to  enable  IL-3-independent  survival  and  proliferation  of  these  lines  was 
determined.  These  data  reveal  the  degree  to  which  combinatorial  interactions 
govern  the  growth  responses.  A  brief  summary  follows,  with  greater  depth 
provided  in  the  Appendix.  Data  are  summarize  in  Table  1. 

B.Single  expressing  cell  lines.  NRG  stimulated  Tyr  phosphorylation  of 
erbB-4  but  neither  the  EGFR  nor  erbB-3.  erbB-3  binds  NRG,  but  does  not  become 
Tyr  phosphorylated  owing  to  its  weak  intrinsic  kinase  activity  [54].  The  ability  of 
neu  on  its  own  to  respond  to  NRG  probably  occurred  through  transmodulation 
via  the  limiting  amount  of  endogenous  erbB-3.  The  p-cellulin  results  are 
noteworthy  in  demonstrating  for  the  first  time  that  a  single  growth  factor  can 
activate  both  the  EGFR  and  an  additional  receptor.  Each  of  these  three  factors 
activates  a  unique  set  of  single  receptors:  p-cellulin  activates  the  EGFR  and  erbB- 
4  equally  well,  whereas  EGF  is  specific  to  the  EGFR,  and  NRG  is  specific  to  erbB- 
3  and  -4. 

C.  Transmodulation  in  double  expressor  cell  lines.  This  work  showed  for  the 
first  time  the  unanticipated  promiscuity  of  this  network,  and  specifically,  that 
NRG  can  regulate  Tyr  phosphorylation  of  the  EGFR,  if  erbB-3  or  erbB-4  are 
present,  and  that  NRG-responsiveness  of  erbB-3  can  be  conferred  by  co¬ 
expression  of  any  of  the  EGFR,  neu,  or  erbB-4.  Thus  NRG  promotes  extensive 
interactions  of  erbB-3  and  erbB-4  with  the  other  receptors.  Similarly,  EGF  and  p- 
cellulin  promote  extensive  cross-talk.  The  interactions  do  show  some  specificity, 
however,  and  additional  specificity  may  be  masked  by  variable  receptor  levels. 
The  greatest  specificity  was  seen  with  the  erbB-3/ erbB-4  combination:  NRG 
stimulated  Tyr  phosphorylation  of  both  receptors,  but  P-cellulin  stimulated  only 
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erbB-4.  Thus  there  are  qualitative  as  well  as  quantitative  specificities  in 
transmodulating  interactions. 

C. Coupling  to  IL-3  independent  growth.  Although  the  specific  responses  of 
Ba/F3  cells  will  not  necessarily  predict  those  in  other  backgrounds,  they  reveal 
the  extent  to  which  combinatorial  receptor  interactions  govern  these  responses. 
With  a  single  exception,  activation  of  either  neu  or  the  EGFR  by  any  of  the 
peptides  was  associated  with  cell  survival.  In  contrast,  erbB-3  had  no  apparent 
influence  beyond  enabling  NRG  to  activate  EGFR  and  neu.  erbB-4  failed  to 
promote  survival  or  proliferation  on  its  own  or  in  concert  with  erbB-3. 11-3- 
dependent  proliferation  was  only  seen  with  activation  of  certain  receptor 
combinations:  EGFR  +  neu,  and  EGFR  +  erbB-4. 

D. Summary.  Each  factor  tested  activates  a  unique  group  of  single  receptors,  and 
a  unique  set  of  combinations.  Receptor  response  is  determined  first  by  binding 
specificity,  second  by  kinase  activity  (erbB-3  requires  a  functional  partner),  third 
by  the  availability  of  transmodulation  partners,  which  shows  some  degree  of 
specificity  .The  strong  response  to  EGFR  +  erbB-4  suggests  either  that  each  of  two 
signals  provided,  for  example  by  the  EGFR  and  by  erbB-4,  is  necessary  for 
proliferation,  or  that  the  heterodimeric  combination  has  unique  coupling 
abilities.  The  exact  complement  of  erbB  family  receptors  dictates  the  cellular  response  to 
each  factor. 

II.NRG  Intracellular  Domain 

The  cytoplasmic  domain  of  NRG  family  EGF-related  growth  factors  is 
unusual  in  showing  extraordinary  diversity  of  regulation  by  splicing,  and  in  that 
some  forms  have  unusually  long  cytoplasmic  tails  of  unknown  function  (over  400 
amino  acids).  We  hypothesize  that  these  tails  are  likely  to  themselves  transmit 
signals  so  that  binding  of  NRG  ecto-domains  to  the  cognate  receptors  results  in 
bidirectional  signaling.  As  a  first  step  in  addressing  this  problem,  we  have  begun 
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to  clone  and  express  these  factors  in  transient  and  stable  transfected  cell  lines. 

This  work  was  complicated  by  some  expression  problems  that  were  ultimately 
solved  by  changing  expression  vectors.  We  have  now  succeeded  in  expressing 
full  length  and  cytoplasmic  deletion  forms  of  NRG  both  transiently  and  stably  in 
NIH  3T3  cells.  We  are  using  both  myc-  and  flag-  epitope  tagged  molecules  to 
enable  recovery  of  the  proteins  by  immunoprecipitation  and  immunoblotting. 
Once  the  biological  activity  of  these  molecules  in  activating  receptors  has  been 
established,  the  next  step  will  be  to  use  the  assays  described  in  the  original 
proposal  to  identify  signaling  functions  associated  with  the  cytoplasmic  domain. 
Initial  studies  will  focus  on  activation  of  intracellular  signaling  pathways,  and 
association  with  catenins.  In  parallel  we  have  begun  to  make  and  characterize 
molecular  clones  for  use  in  2-hybrid  screening  of  interacting  proteins. 

This  work  marks  progress  on  Task3  b,  which  is  on  schedule.  3c  is  on  hold 
for  now  because  we  are  using  epitope  tags,  and  3a  has  so  far  yielded  negative 
results. 

III.Biological  Activities  of  NRG  and  TGF-a. 

We  have  re-arranged  our  original  schedule  by  moving  the  mammary  tissue 
pellet  implant  experiments  up  to  years  1  and  2.  Pellets  were  impregnated  with 
NRG  or  TGF-a  without  or  with  estrogen/progesterone.  Implants  were  inserted 
into  the  the  surgically-exposed  number  4  mammary  fat  pad  of  32  da  Balb/  c 
females,  with  growth  factor-free  pellets  used  as  controls  in  the  contralateral 
mammary  fat  pad.  Four  days  after  implantation  whole  mounts  were  prepared 
and  stained  with  hematoxylin. We  favor  this  approach  because  the  epithelium 
responds  in  the  context  of  normal  matrix  and  hormonal  environment  and  hence  is 
highly  physiological,  and  has  the  collateral  advantages  of  being  fast,  manipulable 
and  inexpensive.  Although  there  is  considerable  literature  for  both  EGF  and  TGF- 
a,  the  NRGs  have  not  been  investigated  in  this  format.  These  experiments  are  still 
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in  progress,  but  initial  results  show  that  NRG-a  is  potent  in  induction  of  both 
ductal  extension,  branching  and  in  addition  promotes  some  lobuloalveolar 
development.  This  is  significant  because  it  shows  for  the  first  time  the  in  vivo 
activity  of  this  hormone,  and  because  it  suggests  that  NRG  can  indeed  act  as  a 
differentiation  factor  as  has  been  hypothesized.  Further  work  is  underway  to 
compare  the  responses  to  TGF-a  and  to  NRG-(3. 

This  work  marks  partial  completion  of  Task  4b  in  the  Statement  of  work, 
one  year  ahead  of  schedule. 
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CONCLUSIONS 


The  most  significant  conclusions  can  be  drawn  from  the  work 
summarized  in  Table  1: 

We  have  analyzed  the  NRG-dependent  responses  conferred  upon  the 
Ba/F3  mouse  pro-B-lymphocyte  cell  line  by  expression  of  the  four  erbB  family 
receptors,  singly  and  in  pairwise  combinations.  In  the  presence  of  appropriate 
co-receptors,  NRG  regulated  the  tyrosine  phosphorylation  of  all  four  erbB  family 
receptors.  While  some  of  the  NRG-induced  interactions  between  erbB  family 
receptors  observed  had  been  predicted  from  previous  work,  we  demonstrate 
here  for  the  first  time  that  in  the  presence  of  erbB-3  or  erbB-4,  NRG  regulates 
tyrosine  phosphorylation  of  the  EGFR,  and  that  the  presence  of  the  EGFR,  neu,  or 
erbB-4  enables  NRG  to  regulate  tyrosine  phosphorylation  of  erbB3.  Furthermore, 
NRG  induces  IL-3-independent  survival  or  proliferation  in  only  a  subset  of  the 
lines  that  exhibit  NRG-induced  receptor  tyrosine  phosphorylation.  Thus  the 
biological  responses  to  NRG  are  specified  at  several  different  levels  of  regulation. 

Previous  analyses  of  NRG-induced  signaling  by  erbB  family  receptors 
have  been  carried  out  with  a  few  receptor  combinations  in  a  variety  of  cell 
backgrounds.  In  mammary  cells,  NRGs  induce  neu  tyrosine  phosphorylation, 
can  be  cross-linked  to  neu,  and  binding  is  increased  by  neu  overexpression,  at 
first  suggesting  that  neu  is  a  receptor  for  NRG.  However,  NRG  fails  to  induce 
neu  tyrosine  phosphorylation  and/ or  bind  neu  when  neu  is  expressed  in 
fibroblasts,  ovarian  cells,  CHO  cells ,  T-lymphoid  cells,  or  COS-7  cells.  Moreover, 
NRG  binds  erbB-3  or  erbB-4 ,  and  co-expression  of  erbB-3  or  erbB-4  with  neu 
confers  NRG  responsiveness  upon  neu.  This  has  led  to  the  general  working 
hypothesis  that  activation  of  neu  by  NRG  requires  the  presence  of  erbB-3  or  erbB- 
4.  The  present  data  are  compatible  with  this  conclusion,  and  extend  the  model  to 
include  NRG  regulation  of  the  EGFR.  The  EGFR  and  erbB-3  alone  fail  to  respond 
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to  NRG  for  two  different  reasons.  The  EGFR  does  not  bind  NRG,  whereas  erbB-3 
binds,  but  is  impaired  for  kinase  activity.  The  stimulation  of  tyrosine 
phosphorylation  of  neu  by  NRG  might  suggest  direct  activation  of  neu  by  NRG, 
but  in  view  of  previously  published  work,  is  more  likely  to  reflect  interaction 
with  endogenous  erbB-3.  However,  erbB-4  is  able  to  bind  and  respond  to  NRG 
directly. 

NRG  induces  extensive  cross-talk  among  receptors  expressed  in  binary 
combinations  (Table  1).  Either  erbB-3  or  erbB-4,  both  of  which  bind  NRG,  enable 
regulation  of  the  EGFR  by  NRG.  This  is  the  first  evidence  that  NRG  can  regulate 
EGFR  signaling.  As  predicted  from  earlier  work,  NRG  stimulates  tyrosine 
phosphorylation  of  both  receptors  in  the  neu  +  erbB3,  neu  +  erbB-4,  and  erbB-3  + 
erbB-4  cell  lines.  Coexpression  of  EGFR,  neu,  or  erbB-4  with  erbB-3  permits  NRG 
induction  of  erbB-3  tyrosine  phosphorylation.  Although  earlier  work  showed 
that  expression  of  neu  enhances  tyrosine  phosphorylation  and  NRG  regulation  of 
erbB-3  [Carraway,  et  al.,  1994],  that  work  was  done  in  COS-7  cells,  which  express 
significant  basal  amounts  of  neu  and  EGFR.  Thus  the  present  work  demonstrates 
for  the  first  time  that  de  novo  expression  of  either  the  EGFR,  neu,  or  of  erbB-4 
enables  hormone-regulated  phosphorylation  of  erbB-3.  Endogenous  erbB 
receptor  expression  in  Ba/F3  cells  played  a  limited,  yet  significant  role  in 
specifying  responses  to  NRG  stimulation  in  these  experiments.  While 
endogenous  erbB-3  expression  permits  NRG  stimulation  of  exogenous  neu 
tyrosine  phosphorylation,  NRG  does  not  stimulate  receptor  tyrosine 
phosphorylation  in  cells  that  express  exogenous  EGFR  only.  Perhaps  the  level  of 
endogenous  erbB-3  expression  in  Ba/F3  cells  is  insufficient  to  permit  NRG- 
induced  EGFR  tyrosine  phosphorylation.  Alternatively,  intrinsic  differences 
between  the  exogenous  human  and  endogenous  mouse  proteins  may  result  in 
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the  differing  capacities  to  undergo  NRG-induced  heterotypic  receptor 
interactions. 

While  NRG  can  stimulate  the  tyrosine  phosphorylation  of  each  receptor 
under  the  appropriate  conditions,  the  diversity  of  biological  responses  to  NRG 
indicates  that  there  must  be  additional  mechanisms  by  which  biological 
responses  to  NRG  are  specified.  The  patterns  of  NRG-induced  stimulation  of 
erbB  receptor  tyrosine  phosphorylation  and  IL-3  independent  survival  or 
proliferation  demonstrates  that  there  are  several  hierarchical  levels  at  which 
biological  responses  to  NRG  are  apparently  specified. 

First,  responsiveness  to  NRG  requires  the  expression  of  erbB-3  or  erbB-4. 
Previous  work  and  results  presented  here  establish  that  NRG  can  not  bind  or 
stimulate  tyrosine  phosphorylation  of  erbB  family  receptors  in  the  absence  of 
erbB-3  or  erbB-4  expression.  Biological  responses  to  NRG  are  also  specified  by 
the  intrinsic  kinase  activity  of  the  erbB  family  receptor(s)  stimulated  by  NRG, 
since  the  kinase-deficient  erbB-3  requires  the  presence  of  a  co-receptor  for 
hormone-regulated  phosphorylation. 

Distinct  biological  responses  to  NRG  are  also  conferred  by  ligand-induced 
coupling  of  different  erbB  family  receptors  to  different  signaling  pathways.  NRG 
enables  the  IL-3  independent  survival  of  cell  lines  expressing  neu,  probably 
through  NRG-induced  activation  of  neu  via  erbB-3.  However,  NRG  does  not 
enable  the  IL-3  independent  survival  of  EGFR  +  erbB-3  cells,  or  of  erbB-4  cells, 
even  though  NRG  stimulates  receptor  tyrosine  phosphorylation  in  these  lines. 
This  demonstrates  that  neu  has  signaling  properties  distinct  from  those  of  the 
EGFR,  erbB-3,  or  erbB-4,  and  is  consistent  with  earlier  work  showing  that 
different  erbB  family  receptors  can  activate  different  signaling  pathways  and 
responses.  Neither  NRG  nor  EGF  induces  IL-3-independent  proliferation  of  cells 
that  individually  express  erbB-4  or  EGFR  (Table  1).  Yet,  NRG  stimulates  IL-3- 


David  F.  Stern 


page 18 


independent  proliferation  in  the  EGFR  +  erbB-4  cell  line.  One  simple  explanation 
would  be  that  IL-3-independent  proliferation  requires  activation  of  two 
independent  pathways,  one  of  which  is  activated  by  the  EGFR,  and  one  by  erbB- 
4.  An  interesting  alternative  would  be  that  EGFR  and  erbB-4  phosphorylation 
sites  differ  in  ligand-induced  EGFR/ erbB-4  heterodimers  than  in  ligand-induced 
receptor  homodimers  owing  to  substrate  specificity  of  the  receptor  catalytic 
domains  and  steric  considerations  in  the  cross-phosphorylation  reaction.  This 
would  permit  recruitment  of  unique  signaling  proteins  to  the  heterodimer, 
resulting  in  unique  biological  responses.  Thus,  the  diversity  of  hormone- 
regulated  outputs  from  this  receptor  outwork  may  extend  beyond  the  simple 
combinatorial  possibilities. 

Since  EGF  and  NRG  bind  to  different  receptors,  it  can  be  predicted  that 
individual  members  of  the  EGF  family  of  ligands  activate  different  constellations 
of  erbB  family  receptors,  so  that  these  different  ligands  will  yield  distinct  patterns 
of  biological  responses.  Evidence  presented  here  supports  this  prediction. 
Previous  reports  demonstrated  that  betacellulin  binds  to  the  A431  human 
adenocarcinoma  cell  line  and  the  MDA-MB-453  human  breast  carcinoma  cell 
line,  both  of  which  overexpress  the  EGFR.  This  binding  was  quenched  by  the 
addition  of  an  excess  of  EGF,  suggesting  that  betacellulin  is  a  ligand  for  the 
EGFR.  However,  the  effect  of  betacellulin  on  EGFR  tyrosine  phosphorylation  and 
signaling  and  the  possibility  that  betacellulin  might  activate  other  erbB  family 
receptors  were  not  assessed.  We  have  shown  that  in  Ba/F3  cells  expressing  only 
a  single  ectopic  erbB  family  receptor,  betacellulin  stimulates  the  tyrosine 
phosphorylation  of  both  the  EGFR  and,  surprisingly,  erbB-4  (Table  1).  This  is 
consistent  with  the  observation  that  radiolabeled  betacellulin  binds  specifically  to 
EGFR  and  erbB-4,  but  not  to  neu  (Plowman,  et  ah,  in  preparation).  Control 
experiments  performed  in  parallel  demonstrated  that  radiolabeled  amphiregulin 
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and  EGF  bound  only  to  EGFR  and  radiolabeled  NRG~P  bound  only  to  erbB-4,  as 
previously  reported.  Thus,  betacellulin  exhibits  activities  that  are  distinct  from 
those  displayed  by  EGF,  which  activates  the  EGFR  alone,  and  NRG-p,  which 
activates  erbB-3  and  erbB-4  (Table  1).  Furthermore,  in  this  first  comprehensive 
analysis  of  erbB  family  transmodulation  for  both  betacellulin  and  EGF,  we  find 
that  EGF  can  transmodulate  erbB-4  in  the  EGFR  +  erbB-4  cell  line  (Table  1).  We 
also  demonstrate  that  betacellulin  stimulates  a  pattern  of  receptor 
transmodulation  that  is  qualitatively  distinct  from  the  patterns  stimulated  by 
EGF  and  NRG-p. 

With  one  exception,  betacellulin,  EGF,  and  NRG-p  transmodulated  the 
tyrosine  phosphorylation  of  all  four  erbB  family  receptors  in  cell  lines  that 
express  any  receptor  for  each  ligand  (Table  1).  Thus,  differences  in  ligand 
activities  in  the  double  recombinant  cell  lines  can  be  predicted  by  differences  in 
activities  in  the  single  recombinant  cell  lines.  For  example,  NRG-P  activates 
erbB-3,  while  betacellulin  does  not  activate  neu  or  erbB-3.  Not  surprisingly,  in 
cells  expressing  neu  +  erbB-3,  NRG-p  stimulates  the  phosphorylation  of  both 
receptors,  while  betacellulin  does  not  stimulate  the  phosphorylation  of  either 
receptor  in  this  cell  line  (Table  1).  The  single  exception  is  the  response  of  the 
erbB-3  +  erbB-4  (3+4)  cell  line  to  betacellulin.  Both  betacellulin  and  NRG-p 
stimulate  erbB-4  tyrosine  phosphorylation  in  the  single  recombinant  cell  line. 
However,  in  3+4  cells,  NRG-P  stimulates  the  tyrosine  phosphorylation  of  both 
receptors,  while  betacellulin  stimulates  the  tyrosine  phosphorylation  of  erbB-4 
but  not  of  erbB-3  (Table  1).  Nonetheless,  because  NRG-p  binds  erbB-3,  it  is  not 
clear  that  this  absence  of  erbB-3  tyrosine  phosphorylation  is  due  to  differences 
between  betacellulin-  or  NRG-P-induced  erbB-3  transmodulation. 

Previous  work  demonstrated  that  different  erbB  family  receptors  or 
combinations  of  receptors  couple  to  distinct  cellular  signaling  pathways.  For 
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example,  EGFR  activation  stimulates  the  tyrosine  phosphorylation  of  four 
proteins  that  are  not  highly  phosphorylated  following  neu  activation  [63]. 
Furthermore,  activated  erbB-3  stimulated  higher  levels  of  phosphatidylinositol  3- 
kinase  than  EGFR  did  [64, 65, 66],  and  it  has  been  suggested  that  EGFR  and  neu 
bind  the  adapter  protein  GRB2,  but  erbB-3  does  not  (Prigent  and  Gullick,  1994). 
These  different  coupling  capacities  of  the  erbB  family  receptors  can  be  correlated 
to  specific  biological  responses.  In  Ba/F3  cells,  activation  of  neu  stimulates  IL-3 
independent  survival,  while  activation  of  EGFR  and  erbB-4  together  stimulates 
IL-3  independent  proliferation . 

We  found  that  betacellulin  stimulates  IL-3  independent  survival  or 
proliferation  in  neu  +  erbB-4  cells  and  in  every  cell  line  that  expresses  EGFR.  In 
contrast,  EGF  stimulated  IL-3  independence  only  in  those  cell  lines  that  express 
EGFR  while  NRG-P  stimulated  IL-3  independence  only  in  the  EGFR  +  erbB-4  cell 
line  and  in  those  cell  lines  that  express  neu  (Table  1).  Therefore,  with  a  single 
exception,  the  minimal  requirement  for  IL-3  independence  is  activation  of  either 
EGFR  or  neu.  The  exception  is  that  betacellulin  and  EGF,  but  not  NRG-p, 
stimulated  IL-3  independent  survival  in  the  EGFR  +  erbB-3  cell  line  (Table  1). 
This  lack  of  response  to  NRG-p  may  merely  reflect  the  lower  level  of  EGFR 
phosphorylation  stimulated  by  NRG-P  in  this  cell  line.  On  the  other  hand,  the 
absence  of  biological  response  may  reflect  the  different  mechanism  by  which  the 
EGFR  is  activated.  We  demonstrated  that  coupling  of  these  multiple  receptor 
species  to  cellular  signaling  pathways  acts  in  a  non-additive  manner  in 
specifying  biological  responses  (Table  1).  Accordingly,  while  activation  of  EGFR 
or  neu  by  themselves  stimulated  IL-3  independent  survival,  activation  of  EGFR 
and  either  neu  or  erbB-4  together  stimulated  IL-3  independent  proliferation 
(Table  1). 
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Our  data  suggest  that  differences  in  NRG-p,  EGF,  and  betacellulin 
activities  play  a  significant  role  in  specifying  the  proliferation  and  differentiation 
of  human  tissues  in  vivo.  Increases  in  the  expression  and/ or  signaling  of  erbB 
family  receptors  plays  a  significant  role  in  tumors  of  mammary  or 
neuroectodermal  origin  [4].  Because  betacellulin,  NRG-p,  and  EGF  have  distinct 
biological  activities  that  apparently  reflect  their  differing  abilities  to  activate 
receptor  signaling,  it  may  be  possible  to  develop  antagonists  that  specifically 
disrupt  signaling  by  a  single  EGF  family  ligand  and  may  inhibit  the  genesis  or 
growth  of  malignancies  without  disrupting  the  activity  of  other  EGF  family 
ligands  in  the  same  tissue. 

Future  work.  We  plan  to  continue  with  the  original  game  plan  in  the 
Statement  of  Work.  Our  efforts  so  far  have  been  highly  successful,  and  there  is  no 
compelling  reason  to  change  strategies  in  the  near  future. 
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Deregulated  signaling  by  the  four  members  of  the  epidermal  growth  factor  receptor  tyrosine  kinase  family 
(erbB  family)  is  implicated  in  the  genesis  or  progression  of  human  cancers.  However,  efforts  to  analyze 
signaling  by  these  receptors  have  been  hampered  by  the  diversity  of  ligands  and  extensive  interreceptor  cross 
talk.  We  have  expressed  the  four  human  erbB  family  receptors,  singly  and  in  pairwise  combinations,  in  a 
pro-B-Iymphocyte  cell  line  (Ba/F3)  and  investigated  the  range  of  interactions  activated  by  the  epidermal  growth 
factor  homology  domain  of  the  agonist  neuregulin  p.  The  results  provide  the  first  comprehensive  analysis  of 
the  response  of  this  receptor  family  to  a  single  peptide  agonist.  This  peptide  induced  complex  patterns  of 
receptor  tyrosine  phosphorylation  and  regulation  of  Ba/F3  cell  survival  and  proliferation.  These  data  demon¬ 
strate  the  existence  of  several  previously  undocumented  receptor  interactions  driven  by  neuregulin. 


Deregulated  signaling  by  the  four  receptor  tyrosine  kinases 
encoded  by  the  erbB  gene  family  (erbB- 1/epidermal  growth 
factor  receptor  [EGFR],  neu/erbB-2/HER2,  erbB-3/HER3, 
and  erbB-4/HER4)  is  implicated  in  human  mammary  cancer, 
ovarian  cancer,  gastric  cancer,  and  glioblastoma  (reviewed  in 
reference  19).  Understanding  the  normal  and  pathological 
functions  of  these  receptors  requires  that  their  regulation  by 
hormones  be  elucidated.  One  complication  is  that  there  are  at 
least  15  different  agonists  for  erbB  family  receptors,  including 
EGF,  transforming  growth  factor  a,  amphiregulin,  betacellu- 
lin,  heparin-binding  EGF-like  growth  factor,  and  the  several 
differentially  spliced  variants  of  the  neuregulins  (NRGs),  also 
known  as  gp30  (27),  heregulins  (18),  neu  differentiation  factors 
(35,  54),  glial  growth  factors  (28),  and  acetylcholine  receptor- 
inducing  activity  (5,  12).  Some  of  these  factors  bind  to  and 
activate  signaling  by  more  than  one  receptor.  Moreover,  these 
ligands  stimulate  nonadditive  receptor  interactions  in  cells  ex¬ 
pressing  multiple  erbB  receptor  family  members.  For  example, 
EGF  activates  neu  when  coexpressed  with  the  EGFR,  but  EGF 
does  not  bind  or  activate  neu  expressed  on  its  own  (22,  50). 
This  transmodulation  activation  of  neu  by  EGFR  apparently 
works  through  the  formation  of  EGF-driven  receptor  het¬ 
erodimers  (15,  53). 

NRGs  were  initially  identified  as  candidate  neu  ligands  by 
their  ability  to  induce  neu  tyrosine  phosphorylation.  The  long¬ 
est  forms  of  NRG  contain  several  different  modular  domains, 
including  a  kringle  fold,  a  C-2  immunoglobulin-like  domain,  a 
putative  heparan  sulfate  proteoglycan  attachment  site,  sites  for 
N-  and  O-linked  glycosylation,  an  EGF  homology  domain,  a 
hydrophobic  membrane-spanning  domain,  and  an  intracellular 
domain  of  variable  length  (6,  18,  28,  35,  54).  Tissue-specific 
alternative  splicing  of  NRG  transcripts  from  a  single  gene 
results  in  many  NRG  isoforms  containing  different  sets  of 
these  motifs.  Moreover,  alternative  splicing  also  produces  two 
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types  of  EGF  domain,  designated  a  and  (3  (55).  a  and  p 
isoforms  have  different  biological  activities,  which  may  in  part 
reflect  their  differential  binding  affinities  to  cells  expressing 
receptors  for  NRG  (26). 

NRGs  are  likely  to  play  a  significant  role  in  regulating  cel¬ 
lular  proliferation  and  differentiation  in  vivo.  NRGs  were  ini¬ 
tially  purified  from  medium  conditioned  by  ras-transformed 
Rat-1  fibroblasts  (35)  or  by  the  MDA-MB-231  human  mam¬ 
mary  tumor  cell  line  (18),  suggesting  that  NRGs  establish  or 
maintain  the  growth-transformed  phenotype.  NRG  also  affects 
the  proliferation  and  differentiation  of  cultured  mammary 
cells.  NRG  stimulates  (18)  or  inhibits  (35,  54)  the  in  vitro 
proliferation  of  human  mammary  tumor  cells,  which  frequently 
overexpress  erbB  family  receptors  (reviewed  in  reference  19), 
while  NRG  stimulates  proliferation  and  milk  protein  synthesis 
in  a  cultured  mouse  mammary  epithelial  cell  line  (29).  NRG 
may  also  promote  wound  healing.  A  single  NRG  isoform  ac¬ 
celerates  epidermal  migration  via  increased  terminal  differen¬ 
tiation  of  epidermal  cells  and  stimulates  integrin  expression  in 
the  epidermis  during  wound  healing,  while  wounding  stimu¬ 
lates  NRG  expression  in  dermal  fibroblasts  adjacent  to  the 
wound  (9).  NRG  also  modulates  the  differentiation  and  pro¬ 
liferation  of  neuroectodermal  cells.  NRGs  act  as  glial  cell 
growth  factors  (28),  may  specify  a  glial  cell  fate  for  neural  crest 
stem  cells  (45),  appear  to  mediate  axon-induced  mitogenesis  of 
Schwann  cells  (32),  and  stimulate  acetylcholine  receptor  syn¬ 
thesis  at  neuromuscular  junctions  (5,  12,  20).  Furthermore, 
NRG  expression  patterns  suggest  important  functions  in  neu¬ 
rogenesis  and  in  mesenchymal-epithelial  cell  interactions  dur¬ 
ing  development  (6,  28,  30,  33). 

The  physiological  responses  to  agonists  for  erbB  family  re¬ 
ceptors  depend  on  their  ability  to  coordinately  activate  multi¬ 
ple  receptors  that  are  differentially  expressed  and  have  different 
signaling  capabilities.  Although  NRGs  were  initially  purified 
by  their  ability  to  induce  neu  tyrosine  phosphorylation  and 
were  thought  to  be  ligands  for  neu,  NRG  does  not  bind  neu 
and/or  induce  neu  tyrosine  phosphorylation  in  a  variety  of  cell 
types  or  in  solution  (7,  36,  39,  48,  51).  Instead,  NRG  binds 
erbB-3  (2,  23,  48,  51)  and  erbB-4  (7,  38,  39,  51).  Coexpression 
of  erbB-3  or  erbB-4  with  neu  permits  NRG-induced  tyrosine 
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phosphorylation  of  neu,  presumably  through  the  formation  of 
neu-erbB-3  or  neu-erbB-4  heterodimers  (2,  23,  39,  48).  De¬ 
spite  the  many  combinatorial  possibilities  afforded  by  assort¬ 
ment  of  four  different  receptors,  interactions  of  erbB  family 
members  with  their  agonists  have  been  investigated  only  in  a 
piecemeal  fashion.  Receptors  of  different  species  origins  have 
been  mixed  in  gene  transfer  experiments,  only  a  subset  of 
receptor  combinations  have  been  tested,  and  interpretation  is 
hampered  by  the  variety  of  cell  backgrounds  used  and  in  many 
cases  by  the  failure  to  determine  the  endogenous  erbB  family 
receptor  expression  in  the  cell  lines  used.  Finally,  the  hor¬ 
mone-regulated  coupling  of  different  erbB  family  receptors 
and  combinations  of  receptors  to  different  downstream  signal¬ 
ing  pathways  has  not  been  systematically  investigated  for  any 
EGF  family  agonist,  including  NRGs. 

To  address  these  issues,  we  have  undertaken  a  parallel  anal¬ 
ysis  of  the  aggregate  signaling  potential  of  this  receptor  family 
by  expressing  all  four  human  erbB  family  receptors,  singly  and 
in  each  pairwise  combination,  in  a  uniform  cell  background. 
We  have  used  the  resulting  cell  lines  for  the  first  comprehen¬ 
sive  evaluation  of  NRG-induced  erbB  family  receptor  activa¬ 
tion  and  coupling  to  cellular  responses.  The  results  reveal  the 
pattern  of  activation  of  these  receptors  by  NRG  and  identify 
novel  ligand-induced  interactions  among  these  receptors. 
Moreover,  these  data  suggest  several  distinct  mechanisms  by 
which  biological  responses  are  specified  by  interactions  among 
erbB  family  receptors  and  their  agonists. 

MATERIALS  AND  METHODS 

Cell  lines  and  cell  culture.  The  Ba/F3  mouse  pro-B-lymphocyte  cell  line  (34) 
and  its  derivatives  were  grown  in  RPMI  (Gibco/BRL)  supplemented  with  10% 
fetal  calf  serum  (Sigma)  and  interleukin-3  (IL-3)  supplied  as  10%  conditioned 
medium  from  the  WEHI-3B  mouse  myelomonocytic  leukemia  cell  line  (8). 
Ba/F3  derivatives  transformed  with  constructs  expressing  erbB  family  receptors 
were  grown  in  medium  supplemented  with  200  jJLg  of  G418  (Gibco/BRL)  per  ml. 

Plasmid  constructions.  The  Sac\\-Xho\  fragment  of  pC012EGFR  (52),  which 
contains  the  full-length  human  EGFR  cDNA,  was  subcloned  into  the  Smal  site 
of  pBluescript  SK-,  generating  pSKEGFR.  The  EGFR  expression  vector 
pLXSN-EGFR  used  in  the  experiments  described  here  was  constructed  by  clon¬ 
ing  the  4.2-kb  Xhol  fragment  of  pSKEGFR,  which  contains  the  complete  human 
EGFR  cDNA,  into  the  Xhol  site  of  the  recombinant  retroviral  expression  vector 
plasmid  pLXSN,  which  carries  a  neomycin  resistance  gene  under  the  transcrip¬ 
tional  control  of  the  simian  virus  40  early  promoter  (31).  The  neu  expression 
vector  pLXSN-Long-Neu  was  constructed  by  cloning  the  4.8-kb  NruI-to-Dral 
fragment  of  pCDNEU  (39),  which  contains  the  complete  human  neu  cDNA  as 
well  as  714  bp  of  vector  sequences  5'  to  the  neu  transcriptional  start  site,  into  the 
Hpal  site  of  pLXSN.  Subsequently,  the  vector  sequences  5'  to  the  neu  transcrip¬ 
tional  start  site  were  removed  by  cloning  a  4.1-kb  Xhol  fragment  of  pLXSN- 
Long-Neu  into  the  Xhol  site  of  pLXSN,  generating  the  neu  expression  vector 
pLXSN-Neu  used  in  these  studies.  The  erbB-3  expression  vector  pLXSN-erbB-3 
was  constructed  by  cloning  the  4.3-kb  RwHII  fragment  of  pBSHER3X  (40), 
which  contains  the  complete  human  erbB-3  cDNA,  into  the  Hpal  site  of  pLXSN. 
The  erbB-4  expression  vector  pLXSN-erbB-4  was  constructed  by  cloning  the 
4.6-kb  SnflBI-to-5maI  fragment  of  pCH4M2  (38),  which  contains  the  complete 
human  erbB-4  cDNA,  into  the  Hpal  site  of  pLXSN. 

Generation  of  recombinant  Ba/F3  derivatives.  Ten  micrograms  of  a  single 
expression  vector  directing  the  expression  of  an  erbB  family  receptor  or  5  jxg  of 
each  of  a  pair  of  expression  vectors  was  linearized  by  digestion  with  restriction 
endonucleases  and  ligated  to  form  concatemers.  These  were  electroporated  into 
2  X  107  Ba/F3  cells  in  0.5  ml  of  Tris-buffered  saline,  using  a  0.4-cm  gap  cuvette 
and  a  Bio-Rad  Gene  Pulser  set  at  200  V  and  960  pF.  Cells  were  immediately 
diluted  into  50  ml  of  culture  medium,  incubated  for  48  h  at  37°C,  and  then 
seeded  in  96-well  dishes  at  5  X  104  cells  per  well  in  medium  supplemented  with 
400  pg  of  G418  per  ml.  Drug-resistant  lines  were  expanded  and  screened  for 
expression  of  the  appropriate  erbB  family  receptor (s).  Positive  lines  were  sub¬ 
cloned  by  limiting  dilution  and  rescreened  for  receptor  expression  to  ensure 
homogeneity.  The  cell  lines  characterized  here  are  named  as  follows:  LXSN/1 
(vector  control);  EGFR/3;  neu/5  and  neu/12C;  erbB-3/3;  erbB-4/7;  EGFR  + 
neu/5D;  EGFR  +  erbB-3/4A;  EGFR  +  erbB-4/2A;  neu  +  erbB-3/7A;  neu  + 
erbB-4/15A;  and  erbB-3  +  erbB-4/2B. 

The  ranked  order  of  receptor  expression  in  the  double  recombinant  cell  lines 
is  as  follows.  For  EGFR  expression,  EGFR  +  erbB-4/2A  is  higher  than  EGFR 
+  neu/5D,  which  is  higher  than  EGFR  +  erbB-3/4A.  For  neu  expression,  neu  + 
erbB-4/15A  is  marginally  higher  than  EGFR  +  neu/5D,  which  is  markedly  higher 


than  neu  +  erbB-3/7A.  The  levels  of  ErbB-3  expression  are  similar  in  the  EGFR 
+  erbB-3/4A,  neu  +  erbB-3/7A,  and  erbB-3  +  erbB-4/2B  cell  lines,  while  the 
levels  of  erbB-4  expression  are  similar  in  the  EGFR  +  erbB-4/2A,  neu  + 
erbB-4/15A,  and  erbB-3  +  erbB-4/2B  cell  lines. 

Stimulation  and  analysis  of  erbB  family  tyrosine  phosphorylation.  A  total  of 
2  X  108  recombinant  Ba/F3  cells  were  washed  in  phosphate-buffered  saline 
(PBS)  and  resuspended  in  50  ml  of  RPMI  supplemented  with  IL-3.  The  cells 
were  incubated  for  6  h  at  37°C,  washed  in  PBS,  and  resuspended  in  1  to  2  ml  of 
PBS.  Remaining  steps  were  performed  cold  or  on  ice.  The  cells  were  transferred 
in  two  or  three  0.5-  to  1.0-ml  portions  to  microcentrifuge  tubes.  A  chemically 
synthesized  NRG  (3  65-mer  peptide  (1)  corresponding  to  amino  acids  177  to  241 
of  the  NRG  (31  isoform  (amino  acid  residues  are  numbered  according  to  refer¬ 
ence  18)  or  the  anti-neu  agonistic  monoclonal  antibody  (MAb)  TAb  250  (24,  46) 
was  added  at  a  final  concentration  of  94  ng/ml  (NRG)  or  10  |xg/ml  (TAb  250). 
Control  samples  remained  untreated  or  were  treated  with  NRG  dilution  buffer. 
Following  a  10-min  incubation,  cells  were  pelleted  and  incubated  for  10  min  in 

1  ml  of  EBC  lysis  buffer  (37),  which  is  a  Tris-buffered  120  mM  sodium  chloride 
solution  containing  0.5%  Nonidet  P-40.  Debris  was  pelleted  by  centrifugation, 
and  the  supernatants  were  transferred  to  a  fresh  tube  and  diluted  1:3  in  EBC  to 
facilitate  sample  handling.  The  protein  content  in  each  sample  was  assayed  by 
using  Coomassie  blue  assay  reagent  (Pierce),  and  a  volume  of  lysate  containing 

2  mg  of  protein  was  used  for  each  immunoprecipitation. 

EGFR  was  immunoprecipitated  with  900  ng  of  anti-EGFR  MAb  528  (14)  and 
7.2  juLg  of  rabbit  anti-mouse  antibody  31188  (Pierce);  neu  was  immunoprecipi¬ 
tated  with  2  |xg  of  anti-neu  MAb  TAb  250  (24)  and  12  jxg  of  rabbit  anti-mouse 
antibody  or  with  1  p,g  of  anti-neu  MAb  FSP-16  (17)  and  5  jxg  of  rabbit  anti¬ 
mouse  antibody;  erbB-3  was  immunoprecipitated  with  200  ng  of  anti-erbB-3 
rabbit  polyclonal  antiserum  SC-285  (Santa  Cruz  Biotechnology);  erbB-4  was 
immunoprecipitated  with  1  ^g  of  anti-erbB-4  rabbit  polyclonal  antiserum  SC-283 
(Santa  Cruz  Biotechnology).  Specificity  of  antireceptor  antibodies  was  verified  by 
testing  each  precipitating  antibody  for  cross-reactivity  with  cell  lines  expressing 
heterologous  receptors.  All  immunoprecipitation  mixtures  were  incubated  at  4°C 
for  2  h,  after  which  the  immune  complexes  were  collected  by  incubation  at  4°C 
with  50  pi  of  a  10%  (vol/vol)  suspension  of  fixed  and  washed  Staphylococcus 
aureus  (IGSL-10;  The  Enzyme  Center).  Immune  complexes  were  washed  three 
times  with  NET-N  (37)  and  were  eluted  from  S.  aureus  by  boiling  in  150  pi  of 
protein  sample  buffer  (37).  Samples  were  divided  equally,  electrophoresed  on 
separate  7.5%  aciylamide-0.17%  bisacrylamide-0.1%  SDS  gels  (44),  and  trans¬ 
ferred  to  nitrocellulose  (11)  for  immunoblotting  with  either  the  antiphosphoty- 
rosine  MAb  4G10  (Upstate  Biotechnology,  Inc.)  or  antibodies  specific  for  re¬ 
ceptors.  Antibody  binding  was  detected  with  horseradish  peroxidase-coupled 
sheep  anti-mouse  antibody  NA931  (Amersham)  or  horseradish  peroxidase-cou¬ 
pled  donkey  anti-rabbit  antibody  NA934  (Amersham)  and  enhanced  chemilu¬ 
minescence  reagent  RPN2106  (Amersham).  Immunoblotting  antibodies  were 
sheep  anti-EGFR  polyclonal  antibody  06-129  (Upstate  Biotechnology  Inc.),  rab¬ 
bit  anti-sheep  antibody  31240  (Pierce),  rabbit  anti-neu  antibody  Abl  (PC04; 
Oncogene  Science),  mouse  anti-erbB-3  MAb  2F12  (21),  and  rabbit  anti-erbB-4 
polyclonal  antibody  SC-283  (Santa  Cruz  Biotechnology). 


RESULTS 

The  mouse  Ba/F3  pro-B-lymphocyte  cell  line  was  chosen  for 
expression  of  erbB  family  members  because  the  survival  and 
proliferation  of  the  cells  are  tightly  regulated  by  exogenous 
growth  factor  (IL-3)  and  because  erbB  family  receptors  have 
not  been  found  to  be  expressed  in  mammalian  hematopoietic 
cells.  Immunoprecipitation  and  immunoblotting  experiments 
did  not  reveal  endogenous  expression  of  any  erbB  family  re¬ 
ceptors  in  these  cells  (42).  Nonetheless,  we  further  assessed 
endogenous  receptor  expression  by  PCR  amplification  of  re¬ 
verse-transcribed  transcripts  (RT-PCR  assay),  the  most  sensi¬ 
tive  assay  available.  RT-PCR  analysis  of  erbB  family  receptor 
transcription  by  using  probes  homologous  to  murine  erbB  fam¬ 
ily  receptor  genes  in  a  control  Ba/F3  cell  line  or  in  Ba/F3  cell 
lines  expressing  exogenous  human  EGFR,  neu,  erbB-3,  or 
erbB-4  demonstrated  that  these  lines  lacked  endogenous  mu¬ 
rine  EGFR,  neu,  or  erbB-4  transcription  (data  not  shown). 
Surprisingly,  however,  all  of  the  Ba/F3  cell  lines  tested  exhib¬ 
ited  detectable  levels  of  endogenous  erbB-3  transcription  (data 
not  shown).  This  novel  finding  implies  that  erbB  family  recep¬ 
tors  and  their  ligands  may  play  important  roles  in  the  differ¬ 
entiation,  expansion,  or  growth  transformation  of  cells  of  a 
B-lymphocyte  lineage. 

cDNAs  directing  the  expression  of  erbB  family  receptors 
were  introduced  into  Ba/F3  cells  to  generate  clonal  lines  that 
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FIG.  1.  Regulation  of  receptor  tyrosine  phosphorylation  by  NRG  in  single 
recombinant  Ba/F3  derivatives.  Untreated  or  NRG-stimulated  cell  lines  were 
immunoprecipitated  with  antireceptor  antibodies,  and  portions  of  immunopre- 
cipitates  were  analyzed  by  immunoblotting  with  antiphosphotyrosine  (A)  or 
antireceptor  (B)  antibodies.  V  refers  to  LXSN  (vector  only)  cells.  The  neu- 
expressing  line  used  is  neu/5.  Immunoprecipitating  antibodies  (IP  Ab):  al,  anti- 
EGFR;  a2,  anti-neu;  a3,  anti-erbB-3;  a4,  anti-erbB-4;  N,  normal  mouse  or  rabbit 
serum.  +,  immunoprecipitations  of  lysates  from  NRG-treated  cells;  — ,  immu- 
noprecipitations  of  lysates  from  untreated  cells. 


express  the  four  different  human  receptors,  singly  and  in  com¬ 
bination.  The  resulting  panel  of  cell  lines  was  stimulated  with 
a  chemically  synthesized  NRG  65-mer  peptide  (amino  acids 
177  to  241  of  NRG  (31),  which  encompasses  the  EGF  homol¬ 
ogy  domain  and  is  sufficient  for  induction  of  receptor  tyrosine 
phosphorylation  (1,  18).  Regulation  of  tyrosine  phosphoryla¬ 
tion  of  each  receptor  by  NRG  was  evaluated  by  immunopre¬ 
cipitating  the  receptors  and  immunoblotting  with  antiphospho¬ 
tyrosine  (Fig.  1A  and  3A)  and  antireceptor  (Fig.  IB  and  3B) 
antibodies. 

Among  cell  lines  expressing  a  single  exogenous  receptor 
(Fig.  1A),  NRG  failed  to  stimulate  tyrosine  phosphorylation  of 
the  EGFR  (lanes  1  and  2)  or  erbB-3  (lanes  7  and  8).  In 
contrast,  NRG  strongly  activated  tyrosine  phosphorylation  of 
erbB-4  (lanes  10  and  11).  Since  high  basal  tyrosine  phosphor¬ 
ylation  of  neu  in  the  neu/5  cell  line  may  have  obscured  the 
effect  of  NRG  (lanes  4  and  5),  we  isolated  an  independent 
Ba/F3  derivative,  designated  neu/12C,  that  expresses  consider¬ 
ably  less  neu  than  the  neu/5  cell  line.  In  this  cell  line,  NRG 
clearly  activated  neu  tyrosine  phosphorylation  (Fig.  2,  lanes  3 
and  4). 

In  most  of  the  double  recombinant  cell  lines,  NRG  unam¬ 
biguously  stimulated  tyrosine  phosphorylation  of  both  erbB 
family  receptors  (Fig.  3A;  summarized  in  Table  1).  Since  the 
four  erbB  family  receptors  have  distinct  electrophoretic  mo¬ 
bilities  in  most  combinations,  coprecipitation  of  heterologous 
dimerization  partners  would  have  been  detected.  However, 
coprecipitation  was  not  observed  under  these  conditions.  Sig¬ 
nificantly,  the  results  for  the  double  recombinant  cell  lines  are 
not  simply  additive  with  the  responses  of  single  cell  lines.  For 
example,  NRG  does  not  stimulate  tyrosine  phosphorylation  of 
the  uniquely  expressed  EGFR,  but  exogenous  coexpression  of 
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FIG.  2.  Regulation  of  neu/12C  cells  by  NRG.  neu/12C  cells  were  incubated 
with  NRG  dilution  buffer  (-),  the  agonistic  anti-neu  antibody  TAb  250  (46)  (A), 
or  NRG  (N).  The  immunoprecipitating  antibody  (IP  Ab)  used  for  immunopre¬ 
cipitating  lysates  was  anti-neu  antibody  (a2)  or  normal  mouse  serum  (N);  after 
immunoprecipitation,  lysates  were  analyzed  by  immunoblotting  with  antiphos¬ 
photyrosine.  The  band  above  neu  (lane  3)  was  not  observed  in  other  trials. 


erbB-3  or  erbB-4  with  EGFR  enabled  NRG  to  regulate  EGFR 
tyrosine  phosphorylation.  Similarly,  while  NRG  did  not  stim¬ 
ulate  tyrosine  phosphorylation  of  erbB-3  alone,  coexpression 
of  EGFR,  neu,  or  erbB-4  permitted  activation  of  erbB-3.  Thus, 
NRG  can  regulate  the  tyrosine  phosphorylation  of  each  erbB 
family  receptor  provided  that  the  appropriate  coreceptor  is 
expressed. 

While  NRG  can  stimulate  the  tyrosine  phosphorylation  of 
all  four  erbB  family  receptors,  activation  of  different  receptors 
or  combinations  of  receptors  may  specify  unique  biological 
responses  through  coupling  of  each  receptor  to  distinct  cellular 
signaling  pathways.  We  investigated  this  possibility  by  deter¬ 
mining  whether  NRG  stimulation  enabled  survival  or  growth 
of  the  various  Ba/F3  derivatives  independent  of  IL-3.  Ectopic 
expression  of  a  number  of  receptors  in  Ba/F3  cells  permits 
receptor  regulation  by  the  cognate  ligands,  which  in  some  cases 
relieves  dependence  on  IL-3  for  survival  or  growth:  expression 
of  the  erythropoietin  receptor  with  Friend  spleen  focus-form¬ 
ing  virus  gp55  permits  IL-3-independent  proliferation  (25). 
Similarly,  EGF  stimulation  of  Ba/F3  cells  expressing  exoge¬ 
nous  EGFR  results  in  EGFR  tyrosine  phosphorylation  and 
increased  cellular  DNA  synthesis  (4,  47),  while  stimulation  of 
Ba/F3  derivatives  expressing  exogenous  platelet-derived 
growth  factor  receptor  with  platelet-derived  growth  factor  re¬ 
sults  in  receptor  tyrosine  phosphorylation  and  IL-3 -indepen¬ 
dent  proliferation  (43). 

In  the  absence  of  NRG,  all  of  the  Ba/F3  derivatives,  even 
those  lines  that  display  substantial  basal  receptor  tyrosine 
phosphorylation,  remained  dependent  on  IL-3  for  survival  (Ta¬ 
ble  2).  Likewise,  NRG  stimulation  does  not  confer  IL-3-inde- 
pendent  survival  or  growth  on  control  Ba/F3  cells.  In  cell  lines 
expressing  a  single  exogenous  receptor,  expression  of  neu,  but 
not  EGFR,  erbB-3,  or  erbB-4,  permitted  NRG-dependent  sur¬ 
vival  of  Ba/F3  cells  (Table  2).  Indeed,  all  cell  lines  engineered 
to  express  neu  (neu/5,  neu/12C  [42],  EGFR  +  neu,  neu  + 
erbB-3,  and  neu  +  erbB-4)  survived  in  the  presence  of  NRG. 
This  survival  appears  to  be  dependent  on  the  amount  of  neu 
expression,  as  the  neu/5  cell  line,  which  expresses  more  neu 
than  the  other  cell  lines,  also  exhibited  the  strongest  IL-3- 
independent  response  to  NRG,  while  the  neu/12C  and  neu  + 
erbB-3  cell  lines,  which  express  less  neu  than  the  other  cell 
lines,  exhibited  the  weakest  response  to  NRG  treatment.  NRG 
failed  to  promote  the  IL-3-independent  survival  or  prolifera¬ 
tion  of  erbB-4,  EGFR  +  erbB-3,  and  erbB-3  +  erbB-4  lines, 
even  though  NRG  regulated  receptor  phosphorylation  in  these 
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FIG.  3.  Regulation  of  receptor  tyrosine  phosphorylation  in  double  recombinant  Ba/F3  derivatives.  Untreated  or  NRG-treated  cells  were  immunoprecipitated  with 
antireceptor  antibodies  and  analyzed  by  immunoblotting  with  antiphosphotyrosine  (A)  or  antireceptor  (B)  antibodies.  Cell  lines:  1+2,  EGFR  +  neu;  1+3,  EGFR  + 
erbB-3;  1+4,  EGFR  +  erbB-4;  2+3,  neu  +  erbB-3;  2+4,  neu  +  erbB-4;  3+4,  erbB-3  +  erbB-4.  The  immunoprecipitating  (IP)  and/or  immunoblotting  antibodies  (Ab): 
al,  anti-EGFR  antibody;  a2,  anti-neu  antibody;  a3,  anti-erbB-3  antibody;  a4,  anti-erbB-4  antibody.  +,  immunoprecipitations  of  lysates  from  NRG-treated  cells; 
immunoprecipitations  of  lysates  from  untreated  cells. 


lines  (Table  1).  Furthermore,  while  NRG  had  no  effect  on  the 
survival  of  cells  expressing  either  the  EGFR  or  erbB-4  alone, 
stimulation  of  EGFR  +  erbB-4  cells  enabled  this  line  to  reach 
saturation  densities  comparable  to  those  induced  by  IL-3  (Ta¬ 
ble  2).  For  this  cell  line,  NRG  acts  not  as  an  IL-3-independent 


TABLE  1.  Summary  of  NRG-induced  erbB  family  receptor  tyrosine 
phosphorylation  and  IL-3-independent  growth  or  survival 


Cell  line 

Receptor 

NRG-stimulated 

tyrosine 

phosphorylation" 

IL-3-independent 
growth  in  the 
presence  of  NRG6 

LXSN 

- 

N 

EGFR 

- 

S 

neu/12C 

+ 

s 

erbB-3 

- 

N 

erbB-4 

+ 

N 

EGFR  +  neu 

EGFR 

+/- 

S 

neu 

+/- 

EGFR  +  erbB-3 

EGFR 

+ 

N 

erbB-3 

+ 

EGFR  +  erbB-4 

EGFR 

+ 

P 

erbB-4 

+ 

neu  +  erbB-3 

neu 

+ 

S 

erbB-3 

+ 

neu  +  erbB-4 

neu 

+/- 

s 

erbB-4 

+ 

erbB-3  +  erbB-4 

erbB-3 

+ 

N 

erbB-4 

+ 

"  Results  are  abstracted  from  Fig.  1  to  3  and  similar,  unpublished  data.  +, 
increased  receptor  tyrosine  phosphorylation  over  basal  levels;  no  increase  in 
receptor  tyrosine  phosphorylation;  +/-,  borderline  results  due  to  high  basal 
levels  of  receptor  tyrosine  phosphorylation. 

b  Adapted  from  Table  2  and  similar,  unpublished  data.  N,  NRG  does  not 
enhance  cell  survival;  S,  NRG  sustains  viable  cells;  P,  NRG  induces  IL-3-inde- 
pendent  proliferation. 


survival  factor  but  as  a  proliferative  agent.  Hence,  not  only  is 
NRG-regulated  receptor  phosphorylation  not  sufficient  for 
coupling  to  a  cellular  response,  but  the  quality  of  the  response 
is  governed  by  the  exact  combination  of  regulated  receptors 
present. 

DISCUSSION 

We  have  analyzed  the  NRG-dependent  responses  conferred 
upon  the  Ba/F3  mouse  pro-B-lymphocyte  cell  line  by  expres- 


TABLE  2.  Ba/F3  density  in  response  to  IL-3  starvation 
and  NRG  stimulation" 


Cell  line 

Viable  cell  saturation  density  (103  cells/ml) 

IL-3  free 

IL-3 

NRG 

LXSN 

2 

1,765 

4 

EGFR 

1 

1,301 

3 

neu/5 

1 

2,030 

310 

erbB-3 

<1 

1,800 

<1 

erbB-4 

<1 

1,583 

8 

EGFR  +  neu 

2 

1,104 

162 

EGFR  +  erbB-3 

1 

1,393 

<1 

EGFR  +  erbB-4 

3 

1,851 

1,093 

neu  +  erbB-3 

<1 

1,258 

50 

neu  +  erbB-4 

1 

1,664 

291 

erbB-3  +  erbB-4 

<1 

1,475 

3 

"  For  each  trial  and  treatment,  Ba/F3  cells  made  quiescent  by  growth  to 
saturation  density  were  plated  at  a  density  of  100  X  103/ml  in  two  independently 
seeded  flasks  containing  medium  lacking  IL-3  (IL-3  free),  medium  supplemented 
with  IL-3  (IL-3),  or  medium  lacking  IL-3  but  supplemented  with  NRG  (3  65-mer 
at  a  final  concentration  of  9.4  ng/ml  (NRG).  Over  the  next  4  days,  cells  were 
stained  with  trypan  blue  and  counted  in  a  hemacytometer  to  determine  the 
density  of  viable  cells.  For  all  treatments  and  cell  lines,  cells  reached  viable  cell 
saturation  densities  with  approximately  the  same  kinetics.  Data  shown  are  values 
averaged  from  two  or  three  independent  trials. 
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sion  of  the  four  erbB  family  receptors,  singly  and  in  pairwise 
combinations.  In  the  presence  of  appropriate  coreceptors, 
NRG  regulated  the  tyrosine  phosphorylation  of  all  four  erbB 
family  receptors.  While  some  of  the  NRG-induced  interactions 
between  erbB  family  receptors  observed  had  been  predicted 
from  previous  work,  we  demonstrate  here  for  the  first  time  that 
in  the  presence  of  erbB-3  or  erbB-4,  NRG  regulates  tyrosine 
phosphorylation  of  the  EGFR  and  that  the  presence  of  the 
EGFR,  neu,  or  erbB-4  enables  NRG  to  regulate  tyrosine  phos¬ 
phorylation  of  erbB3.  Furthermore,  NRG  induces  IL-3-inde- 
pendent  survival  or  proliferation  in  only  a  subset  of  the  lines 
that  exhibit  NRG-induced  receptor  tyrosine  phosphorylation. 
Thus,  the  biological  responses  to  NRG  are  specified  at  several 
different  levels  of  regulation. 

Previous  analyses  of  NRG-induced  signaling  by  erbB  family 
receptors  have  been  carried  out  with  a  few  receptor  combina¬ 
tions  in  a  variety  of  cell  backgrounds.  In  mammary  cells,  NRGs 
induce  neu  tyrosine  phosphorylation  and  can  be  cross-linked  to 
neu,  and  binding  is  increased  by  neu  overexpression  (36),  at 
first  suggesting  that  neu  is  a  receptor  for  NRG.  However,  NRG 
fails  to  induce  neu  tyrosine  phosphorylation  and/or  bind  neu 
when  neu  is  expressed  in  fibroblasts,  ovarian  cells  (36),  CHO 
cells  (7,  39),  T-lymphoid  cells  (39),  or  COS-7  cells  (48),  and 
NRG  does  not  bind  to  solubilized  neu  extracellular  domains 
(51).  Moreover,  NRG  binds  erbB-3  (2,  23, 48,  51)  or  erbB-4  (7, 

38,  39,  51),  and  coexpression  of  erbB-3  or  erbB-4  with  neu 
confers  NRG  responsiveness  upon  neu,  probably  through  the 
formation  of  neu/erbB-3  or  neu/erbB-4  heterodimers  (2,  23, 

39,  48).  This  finding  has  led  to  the  general  working  hypothesis 
that  activation  of  neu  by  NRG  requires  the  presence  of  erbB-3 
or  erbB-4. 

The  data  presented  in  this  report  are  compatible  with  this 
conclusion  and  extend  the  model  to  include  NRG  regulation  of 
the  EGFR.  The  EGFR  and  erbB-3  alone  fail  to  respond  to 
NRG  for  two  different  reasons.  The  EGFR  does  not  bind 
NRG  (18),  whereas  erbB-3  binds  but  is  impaired  for  kinase 
activity  (16).  The  stimulation  of  tyrosine  phosphorylation  of 
neu  by  NRG  might  suggest  direct  activation  of  neu  by  NRG 
but,  in  view  of  previously  published  work,  is  more  likely  to 
reflect  interaction  with  endogenous  erbB-3.  However,  erbB-4 
is  able  to  bind  and  respond  to  NRG  directly. 

NRG  induces  extensive  cross  talk  among  receptors  ex¬ 
pressed  in  binary  combinations  (Table  1).  Either  erbB-3  or 
erbB-4,  both  of  which  bind  NRG,  enables  regulation  of  the 
EGFR  by  NRG.  This  is  the  first  evidence  that  NRG  can  reg¬ 
ulate  EGFR  signaling.  As  predicted  from  earlier  work,  NRG 
stimulates  tyrosine  phosphorylation  of  both  receptors  in  the 
neu  +  erbB3,  neu  +  erbB-4,  and  erbB-3  +  erbB-4  cell  lines. 
Coexpression  of  EGFR,  neu,  or  erbB-4  with  erbB-3  permits 
NRG  induction  of  erbB-3  tyrosine  phosphorylation.  Although 
earlier  work  showed  that  expression  of  neu  enhances  tyrosine 
phosphorylation  and  NRG  regulation  of  erbB-3  (2),  that  work 
was  done  in  COS-7  cells,  which  express  significant  basal 
amounts  of  neu  and  EGFR.  Thus,  the  present  work  demon¬ 
strates  for  the  first  time  that  de  novo  expression  of  either  the 
EGFR,  neu,  or  erbB-4  enables  hormone-regulated  phosphor¬ 
ylation  of  erbB-3.  Endogenous  erbB  receptor  expression  in 
Ba/F3  cells  played  a  limited  yet  significant  role  in  specifying 
responses  to  NRG  stimulation  in  these  experiments.  While 
endogenous  erbB-3  expression  permits  NRG  stimulation  of 
exogenous  neu  tyrosine  phosphorylation,  NRG  does  not  stim¬ 
ulate  receptor  tyrosine  phosphorylation  in  cells  that  express 
exogenous  EGFR  only.  Perhaps  the  level  of  endogenous 
erbB-3  expression  in  Ba/F3  cells  is  insufficient  to  permit  NRG- 
induced  EGFR  tyrosine  phosphorylation.  Alternatively,  intrin¬ 
sic  differences  between  the  exogenous  human  and  endogenous 


mouse  proteins  may  result  in  the  different  capacities  to  un¬ 
dergo  NRG-induced  heterotypic  receptor  interactions. 

While  NRG  can  stimulate  the  tyrosine  phosphorylation  of 
each  receptor  under  the  appropriate  conditions,  the  diversity 
of  biological  responses  to  NRG  indicates  that  there  must  be 
additional  mechanisms  by  which  biological  responses  to  NRG 
are  specified.  The  patterns  of  NRG-induced  stimulation  of 
erbB  receptor  tyrosine  phosphorylation  and  IL-3-independent 
growth  and  proliferation  demonstrate  that  there  are  several 
hierarchical  levels  at  which  biological  responses  to  NRG  are 
apparently  specified. 

First,  responsiveness  to  NRG  requires  the  expression  of 
erbB-3  or  erbB-4.  Previous  work  and  results  presented  here 
establish  that  NRG  cannot  bind  or  stimulate  tyrosine  phos¬ 
phorylation  of  erbB  family  receptors  in  the  absence  of  erbB-3 
or  erbB-4  expression.  Biological  responses  to  NRG  are  also 
specified  by  the  intrinsic  kinase  activity  of  the  erbB  family 
receptor(s)  stimulated  by  NRG,  since  the  kinase-deficient 
erbB-3  requires  the  presence  of  a  coreceptor  for  hormone- 
regulated  phosphorylation. 

Distinct  biological  responses  to  NRG  are  also  conferred  by 
ligand-induced  coupling  of  different  erbB  family  receptors  to 
different  signaling  pathways.  NRG  enables  the  IL-3-indepen- 
dent  survival  of  cell  lines  expressing  neu,  probably  through 
NRG-induced  activation  of  neu  via  erbB-3.  However,  NRG 
does  not  enable  the  IL-3-independent  survival  of  EGFR  + 
erbB-3  cells  or  of  erbB-4  cells,  even  though  NRG  stimulates 
receptor  tyrosine  phosphorylation  in  these  lines.  This  finding 
demonstrates  that  neu  has  signaling  properties  distinct  from 
those  of  the  EGFR,  erbB-3,  or  erbB-4,  consistent  with  earlier 
work  showing  that  different  erbB  family  receptors  can  activate 
different  signaling  pathways  and  responses  (3,  10,  13,  21,  41, 
49).  Neither  NRG  nor  EGF  induces  IL-3-independent  prolif¬ 
eration  of  cells  that  individually  express  erbB-4  or  EGFR  (Ta¬ 
ble  2  and  reference  42),  yet  NRG  stimulates  IL-3-independent 
proliferation  in  the  EGFR  +  erbB-4  cell  line.  One  simple 
explanation  would  be  that  IL-3-independent  proliferation  re¬ 
quires  activation  of  two  independent  pathways,  one  activated 
by  the  EGFR  and  one  activated  by  erbB-4.  An  interesting 
alternative  would  be  that  EGFR  and  erbB-4  phosphorylation 
sites  are  different  in  ligand-induced  EGFR/erbB-4  het¬ 
erodimers  than  in  ligand-induced  receptor  homodimers  owing 
to  substrate  specificity  of  the  receptor  catalytic  domains  and 
steric  considerations  in  the  cross-phosphorylation  reaction. 
This  would  permit  recruitment  of  unique  signaling  proteins  to 
the  heterodimer,  resulting  in  unique  biological  responses. 
Thus,  the  diversity  of  hormone-regulated  outputs  from  this 
receptor  outwork  may  extend  beyond  the  simple  combinatorial 
possibilities. 

Since  EGF  and  NRG  bind  to  different  receptors,  it  can  be 
predicted  that  individual  members  of  the  EGF  family  of  li¬ 
gands  activate  different  constellations  of  erbB  family  receptors, 
so  that  these  different  ligands  will  yield  distinct  patterns  of 
biological  responses.  Preliminary  evidence  supports  this  pre¬ 
diction.  Three  different  members  of  the  EGF  family  induce 
different  patterns  of  erbB  family  receptor  tyrosine  phosphor¬ 
ylation  and  IL-3-independent  growth  in  the  Ba/F3  derivatives 
described  here  (42).  Given  the  multitude  of  roles  that  erbB 
family  receptors  and  their  ligands  apparently  play  in  diverse 
biological  processes  such  as  neurogenesis,  neuromuscular  sig¬ 
naling,  tumorigenesis,  wound  healing,  and  the  regulation  of 
mesenchymal-epithelial  cell  interactions,  it  is  likely  that  all  of 
the  mechanisms  described  here  play  a  significant  part  in  spec¬ 
ifying  responses  to  ligand  stimulation  in  vivo. 
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Abstract 
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Betacellulin  is  a  member  of  the  epidermal  growth  factor  (EGF)  family.  These 
soluble  proteins  are  ligands  for  one  or  more  of  the  four  receptor  tyrosine  kinases 
encoded  by  the  erbB  gene  family  (erbB-1 /epidermal  growth  factor  receptor  [EGFR], 
neu/erbB-2/HER2  ,  erbB-3/HER3  ,  and  erbB-4/HER4).  While  evidence  suggests  that 
betacellulin  is  a  ligand  for  the  EGFR,  the  ability  of  betacellulin  to  regulate  other  erbB 
family  receptors  has  not  been  analyzed.  Previously  we  engineered  derivatives  of  the 
mouse  Ba/F3  hematopoietic  cell  line  to  ectopically  express  erbB  family  receptors, 
singly  and  in  pairwise  combinations.  We  have  stimulated  this  panel  of  cell  lines 
with  betacellulin  and  two  other  EGF  family  members,  EGF  itself  and  neuregulin-p 
(NRG-p).  In  the  cell  lines  expressing  a  single  erbB  family  receptor,  betacellulin  not 
only  stimulated  EGFR  tyrosine  phosphorylation,  but  it  activated  erbB-4  as  well. 
Furthermore,  in  the  double  recombinant  Ba/F3  derivatives,  betacellulin  stimulated 
a  Complex  pattern  of  receptor  phosphorylation  distinct  from  the  patterns  activated 
by  NRG-P  and  EGF.  Moreover,  betacellulin  stimulated  a  complex  pattern  of 
interleukin-3  independence  in  the  Ba/F3  derivatives  distinct  from  those  activated 
by  NRG-p  and  EGF.  These  data  identify  a  novel  receptor  for  betacellulin  and 
establish  that  different  EGF  family  ligands  activate  distinct  patterns  of  receptor 
phosphorylation  and  coupling  to  cellular  signaling  pathways. 
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Introduction 

The  epidermal  growth  factor  (EGF)  family  consists  of  at  least  15  members, 
including  epidermal  growth  factor,  transforming  growth  factor  alpha  (TGFa), 
amphiregulin  (AR),  betacellulin,  heparin-binding-EGF-like  growth  factor  (HB-EGF), 
cripto,  epiregulin,  and  the  several  differentially-spliced  variants  of  neuregulin 
(NRGs),  also  known  as  heregulins,  neu  differentiation  factors,  gp30,  glial  growth 
factors,  and  acetylcholine  receptor  inducing  activity  [Reviewed  in  Groenen,  et  al, 
1994].  These  factors  activate  a  family  of  four  receptor  tyrosine  kinases  encoded  by  the 
erbB  gene  family  (erbB-1 /epidermal  growth  factor  receptor  [EGFR],  neu/erbB- 
2/HER2  ,  erbB-3/HER3  ,  and  erbB-4/HER4).  The  patterns  of  receptor  activation 
stimulated  by  EGF  family  ligands  is  very  complex;  some  of  these  peptides  bind  to 
and  activate  signaling  by  more  than  one  erbB  family  receptor.  Furthermore,  in  cell 
lines  expressing  multiple  erbB  receptor  family  members,  these  ligands  can  activate 
erbB  family  receptors  that  do  not  bind  these  ligands  when  the  receptors  are 
expressed  individually,  a  process  called  transmodulation  [Reviewed  in  Hynes  and 
Stern,  1994;  Earp,  et  al,  1995].  For  example,  EGF  activates  neu  when  coexpressed 
with  the  EGFR,  but  EGF  does  not  bind  or  activate  neu  expressed  on  its  own 
[Akiyama,  et  al,  1988;  King,  et  al,  1988;  Stern  and  Kamps,  1988;  Connelly  and  Stern, 
1990].  It  has  been  proposed  that  transmodulation  occurs  through  the  formation  of 
EGF-driven  receptor  heterodimers  and  receptor  cross-phosphorylation  [Goldman,  et 
al,  1990;  Wada;  et  al,  1990;  Qian,  et  al,  1992;  Spivak-Kroizman,  et  al,  1992].  Not 
only  does  EGF  induce  erbB  receptor  transmodulation,  but  every  EGF  family  member 
tested  thus  far  has  this  activity  [Stern  and  Kamps,  1988;  Johnson,  et  al,  1993; 
Plowman,  et  al,  1993;  Carraway,  et  al,  1994;  Kita,  et  al,  1994;  Sliwkowski,  et  al,  1994; 
Karunagaran,  et  al,  1995;  Riese,  et  al,  in  press]. 

Betacellulin  was  initially  identified  as  a  factor  in  the  conditioned  medium  of 
a  mouse  pancreatic  (3  cell  carcinoma  (insulinoma)  cell  line  that  is  mitogenic  for 
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Balb/C  3T3  cells.  The  80  amino  acid  mature  betacellulin  protein  is  derived  from  a 
177  amino  acid  membrane-bound  precursor  and  contains  the  six  conserved  cysteine 
residues  that  are  arranged  in  a  characteristic  pattern  common  to  all  of  the  EGF 
family  members.  Furthermore,  betacellulin  has  significant  overall  homology  to 
mature  EGF,  TGF-a,  AR,  HB-EGF,  and  NRGs  [Sasada,  et  ah,  1993;  Shing,  et  ah,  1993; 
Reviewed  in  Groenen,  et  ah,  1994].  Binding  of  human  recombinant  betacellulin  to 
the  A431  human  adenocarcinoma  cell  line,  which  overexpresses  the  EGFR,  can  be 
competed  with  an  excess  of  EGF,  suggesting  that  betacellulin  is  a  ligand  for  the  EGFR 
[Watanabe,  et  ah,  1994].  However,  previous  studies  have  not  assessed  betacellulin 
binding  to  other  erbB  family  receptors  or  betacellulin  stimulation  of  erbB  family 
receptors  tyrosine  phosphorylation  or  coupling  to  cellular  signaling  pathways. 

Little  is  known  about  the  in  vivo  functions  of  betacellulin.  While  its 
expression  in  the  BTC-3  mouse  insulinoma  cell  line  [Shing,  et  ah,  1993]  and  the 
MCF-7  human  breast  adenocarcinoma  cell  line  [Sasada,  et  ah,  1994]  implies  that 
betacellulin  regulates  the  proliferation  of  pancreatic  and  breast  cells  and  may  play  a 
causative  role  in  breast  and  pancreatic  cancer,  the  receptor(s)  for  betacellulin  must  be 
identified  before  definitive  studies  of  the  physiologic  effects  of  betacellulin  can  be 
undertaken.  In  this  study  we  have  used  derivatives  of  the  Ba/F3  mouse  pro-B 
lymphocyte  cell  line  that  have  been  engineered  to  ectopically  express,  singly  and  in 
pairwise  combinations,  all  four  erbB  family  receptors  [Riese,  et  ah,  in  press].  We 
have  assessed  erbB  family  receptor  tyrosine  phosphorylation  and  the  biological 
responses  of  these  cell  lines  to  stimulation  with  betacellulin  and  two  other  EGF 
family  ligands,  neuregulin-p  (NRG-P)  and  EGF  itself.  Not  only  do  these 
experiments  identify  a  novel  receptor  for  betacellulin,  but  we  also  demonstrate  that 
betacellulin  stimulates  complex  patterns  of  erbB  family  receptor  tyrosine 
phosphorylation  and  coupling  to  cellular  signaling  pathways  that  are  unique  from 
the  patterns  stimulated  by  EGF  and  NRG-p. 
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Results 

erbB  family  receptor  tyrosine  phosphorylation  in  single  recombinant  cell  lines 

The  Ba/F3  cell  line  is  a  mouse  pro-B  lymphocyte  cell  line  [Palacios  and 
Steinmetz,  1985]  that  does  not  express  endogenous  EGFR,  neu,  and  erbB-4,  but  does 
express  low  levels  of  erbB-3  [Riese,  et  ah,  in  press].  We  have  previously  described  the 
generation  of  Ba/F3  derivatives  that  ectopically  express  the  four  human  erbB  family 
receptors,  singly  and  in  all  pairwise  combinations  [Riese,  et  ah,  in  press].  In  this 
report,  we  have  stimulated  this  panel  of  cell  lines  with  recombinant  human 
betacellulin,  NRG-(3,  and  EGF  and  assessed  erbB  family  receptor  tyrosine 
phosphorylation.  The  recombinant  human  betacellulin  used  in  these  experiments 
consisted  of  34  amino  acids  of  the  human  amphiregulin  precursor  (Vall07  -  Argl40), 
linked  to  the  50  amino  acid  EGF-structural  motif  of  human  betacellulin  (Arg31  - 
Tyr80)  and  a  9  amino  acid  hemagglutinin  epitope.  The  amphiregulin  sequences  in 
this  molecule  are  not  within  the  EGF-structural  motif  and  therefore  are  not 
predicted  to  contribute  to  receptor  binding.  Furthermore,  this  recombinant 
betacellulin  produced  as  a  tagged  fusion  construct  in  bacteria  had  an  activity 
indistinguishable  from  that  produced  transiently  in  COS  cells  using  an  expression 
construct  containing  the  full  length  human  betacellulin  sequence  (Plowman,  et  ah, 
in  preparation). 

In  cell  lines  that  ectopically  express  a  single  erbB  family  receptor,  both 
betacellulin  and  EGF  stimulated  EGFR  tyrosine  phosphorylation  (Figures  1  &  2a). 
Surprisingly,  betacellulin  (as  well  as  NRG-p)  stimulated  erbB-4  tyrosine 
phosphorylation  (Figures  1  &  2a).  Not  only  do  these  data  demonstrate  that 
betacellulin  regulates  EGFR  signaling,  but  they  also  indicate  that  erbB-4  is  a  receptor 
for  betacellulin.  Betacellulin  did  not  stimulate  increased  neu  or  erbB-3  tyrosine 
phosphorylation  (Figures  1  &  2a),  suggesting  that  neither  neu  nor  erbB-3  is  a 
receptor  for  betacellulin  (NRG-P  stimulation  of  neu  tyrosine  phosphorylation  is 
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probably  due  to  endogenous  erbB-3  expression  [Riese,  et  ah,  in  press]).  However, 
because  erbB-3  has  only  minimal  intrinsic  tyrosine  kinase  activity  [Guy,  et  ah,  1994], 
these  data  do  not  rule  out  the  possibility  that  erbB-3  can  bind  betacellulin. 

Since  some  AR  sequences  were  present  in  the  recombinant  betacellulin  used 
in  these  experiments,  there  was  a  remote  possibility  that  these  contributed  to  the 
unanticipated  activation  of  erbB-4.  Hence,  we  compared  the  activities  of  our 
betacellulin  preparation  with  those  of  a  recombinant  mature-form  preparation 
comprised  of  betacellulin  exclusively  (R&D  Systems).  In  the  cell  line  expressing 
erbB-4,  both  betacellulin  preparations  stimulated  similar  maximal  levels  of  erbB-4 
tyrosine  at  3nM  betacellulin  (data  not  shown).  This  maximal  level  was  similar  to 
that  stimulated  by  6nM  NRG-P  (data  not  shown).  Therefore,  stimulation  of  EGFR 
and  erbB-4  phosphorylation  by  betacellulin  was  not  conferred  by  AR  sequences. 

erbB  family  receptor  tyrosine  phosphorylation  in  double  recombinant  cell  lines 

In  activating  both  the  EGFR  and  erbB-4,  betacellulin  displays  activities 
distinct  from  EGF,  which  activates  the  EGFR  alone,  and  NRG-P,  which  binds  to 
erbB-3  and  erbB-4.  We  next  compared  the  effects  of  betacellulin,  EGF,  and  NRG-P  on 
receptor  transmodulation  by  assessing  receptor  tyrosine  phosphorylation  in  cell 
lines  expressing  combinations  of  erbB  family  receptors.  Betacellulin,  as  well  as  EGF, 
stimulated  the  tyrosine  phosphorylation  of  both  receptors  in  the  EGFR  +  neu  (1+2), 
EGFR  +  erbB-3  (1+3),  and  EGFR  +  erbB-4  (1+4)  cell  lines  (Figures  2b  and  2c). 
Therefore,  both  betacellulin  and  EGF  can  transmodulate  the  other  three  receptors 
when  co-expressed  with  EGFR.  However,  the  three  ligands  did  not  stimulate  equal 
levels  of  receptor  phosphorylation.  In  1+3  cells,  all  three  ligands  stimulated 
approximately  equal  levels  of  erbB-3  phosphorylation,  while  betacellulin  and  EGF 
stimulated  higher  levels  of  EGFR  phosphorylation  than  NRG-P  did  (Figure  2b). 
Similarly,  in  1+4  cells,  betacellulin  stimulated  approximately  equal  levels  of  EGFR 
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and  erbB-4  phosphorylation,  while  EGF  stimulated  higher  levels  of  EGFR 
phosphorylation  than  erbB-4  phosphorylation  and  NRG-P  stimulated  higher  levels 
of  erbB-4  phosphorylation  than  EGFR  phosphorylation  (Figure  2c).  One  explanation 
for  these  differences  is  that  EGFR,  erbB-3,  and  erbB-4  may  have  a  lower  affinity  for 
heterotypic  interactions  and  transmodulation  than  for  the  homotypic  interactions 
induced  by  direct  stimulation. 

As  expected  from  the  response  of  the  erbB-4  cell  line,  betacellulin  and  NRG-P 
stimulated  erbB-4  tyrosine  phosphorylation  in  the  three  double  recombinant  cell 
lines  that  express  erbB-4.  However,  while  betacellulin  and  NRG-p  stimulated  EGFR 
and  neu  tyrosine  phosphorylation  in  the  EGFR  +  erbB-4  (1+4)  and  neu  +  erbB-4 
(2+4)  cell  lines,  respectively,  betacellulin  did  not  stimulate  erbB-3  tyrosine 
phosphorylation  in  the  erbB-3  +  erbB-4  (3+4)  cell  line,  even  through  NRG-p  did 
(Figures  2c  and  2d).  Finally,  betacellulin  did  not  stimulate  phosphorylation  of  either 
receptor  in  neu  +  erbB-3  cells,  while  NRG-P  did  (Figure  2c),  suggesting  that  neither 
neu  nor  erbB-3  is  a  receptor  for  betacellulin. 

IL-3-independent  growth  of  BalF3  derivatives. 

We  next  tested  whether  betacellulin,  NRG-p,  and  EGF  stimulate  different 
patterns  of  receptor  coupling  to  cellular  signaling  pathways.  Since  the  recombinant 
Ba/F3  cell  lines  are  strictly  dependent  upon  interleukin-3  (IL-3)  for  survival  and 
proliferation  [Riese,  et  ah,  in  press],  we  tested  whether  betacellulin,  NRG-p,  or  EGF 
induced  the  IL-3-independent  survival  or  proliferation  of  the  various  Ba/F3 
derivatives.  Activation  of  either  EGFR  or  neu  in  the  single  recombinant  cell  lines 
was  associated  with  IL-3  independent  survival  but  not  proliferation  (Figure  3a), 
while  activation  of  erbB-3  or  erbB-4  in  the  single  recombinants  had  no  biological 
effect  (Figure  3a).  Therefore,  ligand  stimulation  of  erbB  phosphorylation  was 
necessary,  but  not  sufficient,  for  an  IL-3  independent  response  (Table  1). 
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We  also  assessed  ligand  activity  in  the  double  recombinant  Ba/F3  cell  lines 
(Figure  3b).  As  expected  from  the  responses  of  the  single  recombinant  cell  lines, 
receptor  activation  in  cells  expressing  EGFR  or  neu  conferred,  with  one  notable 
exception,  a  minimal  response  of  IL-3  independent  survival.  For  example,  in  the 
EGFR  +  neu  (1+2),  EGFR  +  erbB-4  (1+4),  neu  +  erbB-3  (2+3),  and  neu  +  erbB-4  (2+4) 
cell  lines,  receptor  activation  stimulated  a  minimum  of  IL-3-independent  survival, 
while  in  erbB-3  +  erbB-4  (3+4)  cells  none  of  the  ligands  stimulated  an  IL-3 
independent  response.  The  exception  is  the  response  of  EGFR  +  erbB-3  (1+3)  cells  to 
ligand  stimulation.  As  predicted,  betacellulin  and  EGF  stimulated  the  IL-3 
independent  survival  of  1+3  cells;  however,  NRG-(3  failed  to  stimulate  an  IL-3 
independent  response,  despite  stimulating  both  EGFR  and  erbB-3  tyrosine 
phosphorylation  in  this  cell  line  (Figure  2b). 

Furthermore,  in  some  of  the  double  recombinant  cell  lines  ligand 
stimulation  of  coupling  of  multiple  receptors  to  signaling  pathways  acted  in  a  non¬ 
additive  manner  to  stimulate  an  IL-3  independent  response  (Figure  3b).  In  1+2  cells 
betacellulin  and  EGF  stimulated  IL-3  independent  proliferation,  while  in  1+4  cells 
betacellulin  and  NRG-(3  stimulated  IL-3  independent  proliferation  and  EGF 
stimulated  a  response  intermediate  to  survival  and  proliferation.  Therefore,  while 
activation  of  either  EGFR  alone  or  neu  alone  stimulated  IL-3  independent  survival, 
in  some  cases  activation  of  EGFR  along  with  either  neu  or  erbB-4  conferred  IL-3 
independent  proliferation. 
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Discussion 


Previous  reports  demonstrated  that  betacellulin  binds  to  the  A431  human 
adenocarcinoma  cell  line,  which  overexpresses  the  EGFR.  This  binding  was 
quenched  by  the  addition  of  an  excess  of  EGF,  suggesting  that  betacellulin  is  a  ligand 
for  the  EGFR  [Watanabe,  et  al.,  1994].  However,  the  effect  of  betacellulin  on  EGFR 
tyrosine  phosphorylation  and  signaling  and  the  possibility  that  betacellulin  might 
activate  other  erbB  family  receptors  were  not  assessed.  Here  we  show  that  in  Ba/F3 
cells  expressing  only  a  single  ectopic  erbB  family  receptor,  betacellulin  stimulates  the 
tyrosine  phosphorylation  of  both  the  EGFR  and,  surprisingly,  erbB-4  (Table  1).  This 
is  consistent  with  the  observation  that  radiolabeled  betacellulin  binds  specifically  to 
EGFR  and  erbB-4,  but  not  to  neu  (Plowman,  et  al.,  in  preparation).  Thus, 
betacellulin  exhibits  activities  that  are  distinct  from  those  displayed  by  EGF,  which 
activates  the  EGFR  alone,  and  NRG-p,  which  activates  erbB-3  and  erbB-4  (Table  1). 
Furthermore,  in  this  first  comprehensive  analysis  of  erbB  family  transmodulation 
for  both  betacellulin  and  EGF,  we  find  that  EGF  can  transmodulate  erbB-4  in  the 
EGFR  +  erbB-4  cell  line  (Table  1).  We  also  demonstrate  that  betacellulin  stimulates  a 
pattern  of  receptor  transmodulation  that  is  qualitatively  distinct  from  the  patterns 
stimulated  by  EGF  and  NRG~p. 

With  one  exception,  betacellulin,  EGF,  and  NRG-p  transmodulated  the 
tyrosine  phosphorylation  of  all  four  erbB  family  receptors  in  cell  lines  that  express 
any  receptor  for  each  ligand  (Table  1).  Thus,  differences  in  ligand  activities  in  the 
double  recombinant  cell  lines  can  be  predicted  by  differences  in  activities  in  the 
single  recombinant  cell  lines.  For  example,  NRG-P  activates  erbB-3,  while 
betacellulin  does  not  activate  neu  or  erbB-3.  Not  surprisingly,  in  cells  expressing 
neu  +  erbB-3,  NRG-P  stimulates  the  phosphorylation  of  both  receptors,  while 
betacellulin  does  not  stimulate  the  phosphorylation  of  either  receptor  in  this  cell 
line  (Table  1).  The  single  exception  is  the  response  of  the  erbB-3  +  erbB-4  (3+4)  cell 
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line  to  betacellulin.  Both  betacellulin  and  NRG-p  stimulate  erbB-4  tyrosine 
phosphorylation  in  the  single  recombinant  cell  line.  However,  in  3+4  cells,  NRG-p 
stimulates  the  tyrosine  phosphorylation  of  both  receptors,  while  betacellulin 
stimulates  the  tyrosine  phosphorylation  of  erbB-4  but  not  of  erbB-3  (Table  1). 
Nonetheless,  because  NRG-|3  binds  erbB-3,  it  is  possible  that  this  absence  of  erbB-3 
tyrosine  phosphorylation  may  not  be  due  to  differences  between  betacellulin-  or 
NRG-|3-induced  erbB-3  transmodulation. 

Previous  work  demonstrated  that  different  erbB  family  receptors  or 
combinations  of  receptors  couple  to  distinct  cellular  signaling  pathways.  For 
example,  EGFR  activation  stimulates  the  tyrosine  phosphorylation  of  four  proteins 
that  are  not  highly  phosphorylated  following  neu  activation  [Fazioli,  et  ah,  1992]. 
Furthermore,  activated  erbB-3  stimulated  higher  levels  of  phosphatidylinositol  3- 
kinase  than  EGFR  did  [Fedi,  et  ah,  1994;  Soltoff,  et  ah,  1994;  Carraway,  et  ah,  1995], 
and  it  has  been  suggested  that  EGFR  and  neu  bind  the  adapter  protein  GRB2,  but 
erbB-3  does  not  [Prigent  and  Gullick,  1994;  but  also  see  Kim,  et  ah,  1994;  Fedi,  et  ah, 
1994].  These  different  coupling  capacities  of  the  erbB  family  receptors  can  be 
correlated  to  specific  biological  responses.  Activation  of  the  EGFR  stimulates  the  IL- 
3  independent  proliferation  of  32D  myeloid  cells,  while  wild-type  and  mutationally- 
activated  neu  alleles  do  not  [DiFiore,  et  ah,  1990].  In  Ba/F3  cells,  however,  activation 
of  neu  stimulates  IL-3  independent  survival,  while  activation  of  EGFR  and  erbB-4 
together  stimulates  IL-3  independent  proliferation  [Riese,  et  ah,  in  press]. 

We  found  that  betacellulin  stimulates  IL-3  independent  survival  or 
proliferation  in  neu  +  erbB-4  cells  and  in  every  cell  line  that  expresses  EGFR.  In 
contrast,  EGF  stimulated  IL-3  independence  only  in  those  cell  lines  that  express 
EGFR  while  NRG-(3  stimulated  IL-3  independence  only  in  the  EGFR  +  erbB-4  cell 
line  and  in  those  cell  lines  that  express  neu  (Table  1).  Therefore,  with  a  single 
exception,  the  minimal  requirement  for  IL-3  independence  is  activation  of  either 


September  14, 1995 


10 


EGFR  or  neu.  The  exception  is  that  betacellulin  and  EGF,  but  not  NRG-p, 
stimulated  IL-3  independent  survival  in  the  EGFR  +  erbB-3  cell  line  (Table  1).  This 
lack  of  response  to  NRG-p  may  merely  reflect  the  lower  level  of  EGFR 
phosphorylation  stimulated  by  NRG-(3  in  this  cell  line  (Figure  2b).  On  the  other 
hand,  the  absence  of  biological  response  may  reflect  the  different  mechanism  by 
which  the  EGFR  is  activated.  We  demonstrated  previously  that  coupling  of 
multiple  receptor  species  to  cellular  signaling  pathways  acts  in  a  non-additive 
manner  in  specifying  biological  responses  [Riese,  et  al.,  in  press].  Accordingly,  while 
activation  of  EGFR  or  neu  by  themselves  stimulated  IL-3  independent  survival, 
activation  of  EGFR  and  either  neu  or  erbB-4  together  stimulated  IL-3  independent 
proliferation  (Table  1). 

Biological  responses  to  EGF  family  ligands  are  regulated  by  several 
hierarchical  mechanisms  [Riese,  et  al,  in  press].  Some,  but  not  all,  of  these 
mechanisms  are  shared  by  other  networks  of  receptor  tyrosine  kinases  and  their 
ligands,  including  the  neurotrophin  network  and  the  fibroblast  growth  factor  (FGF) 
network.  Like  the  EGF  family,  the  neurotrophin  and  FGF  ligand  families  have 
several  members  that  can  each  activate  multiple  receptors.  The  neurotrophin 
ligand  family  includes  nerve  growth  factor,  brain-derived  neurotrophic  factor, 
neurotrophin-3,  and  neurotrophin-4,  also  known  as  NT-4/5  or  NT-5  [Reviewed  in 
Barbacid,  1994],  while  the  FGF  family  has  at  least  9  members  encoded  by  different 
genes  [Reviewed  in  Johnson  and  Williams,  1994].  Furthermore,  like  the  erbB 
receptor  family,  both  the  FGF  receptor  and  neurotrophin  receptor  families  have 
multiple  members  (FGFR-1,  FGFR-1,  FGFR-3,  FGFR-4  and  TrkA,  TrkB,  TrkC, 
respectively).  Moreover,  like  the  EGFR  and  erbB-4,  some  of  these  FGFRs  and  Trks 
can  bind  multiple  ligands  [Reviewed  in  Johnson  and  Williams,  1994;  Barbacid,  1994]. 

Another  regulatory  mechanism  common  to  the  EGF /erbB  and  FGF  signaling 
networks  is  that  both  use  heparan  sulfate  proteoglycans  (HSPGs)  to  modulate 
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receptor-ligand  interactions.  FGFs  bind  with  low  affinity  in  a  multivalent  manner 
to  HSPGs,  causing  ligand  oligomerization  [Reviewed  in  Lemmon  and  Schlessinger, 
1994]  and  increasing  their  binding  affinity  for  FGFRs  [Reviewed  in  Eckenstein,  1994]. 
Because  the  FGF/FGFR  complex  exists  in  a  1:1  stoichiometry  [Spivak-Kroizman,  et 
al.,  1994],  yet  FGFs  are  monomeric,  it  has  been  proposed  that  F1SPG  binding 
potentiates  FGF  stimulation  of  FGFR  phosphorylation  and  dimerization.  FISPGs 
also  regulate  the  interactions  of  EGF  family  ligands  with  their  receptors.  Several 
EGF  family  ligands  bind  FISPGs,  including  NRGs,  amphiregulin  (AR),  and  heparin- 
binding-EGF-like  growth  factor  (FiB-EGF),  and  this  binding  regulates  ligand-receptor 
interactions  [Aviezer  and  Yayon,  1994;  Johnson  and  Wong,  1994;  Cook,  et  al.,  1995a; 
Cook,  et  al.,  1995b].  However,  many  of  the  mechanistic  details  of  regulation  by 
HSPGs  have  yet  to  be  elucidated. 

While  the  neurotrophin  and  FGF  networks  have  regulatory  mechanisms  that 
are  also  features  of  the  EGF/erbB  network,  there  are  also  features  of  the 
neurotrophin  and  FGF  networks  that  are  not  properties  of  the  EGF/erbB  network. 
Alternative  splicing  produces  truncated  FGFR  and  Trk  isoforms  lacking  the 
cytoplasmic  tyrosine  kinase  domain  and  sites  for  tyrosine  phosphorylation 
[Reviewed  in  Johnson  and  Williams,  1994;  Barbacid,  1994.  Therefore,  a  regulatory 
mechanism  not  observed  in  the  EGF/erbB  network  results  in  dominant  negative 
receptors,  which  are  not  a  characteristic  of  the  EGF/erbB  network.  Another  feature 
that  is  characteristic  of  the  neurotrophin  network  and  not  seen  in  the  EGF/erbB 
network  is  regulation  by  a  low-affinity  co-receptor.  p75,  the  low-affinity 
neurotrophin  receptor,  has  no  tyrosine  kinase  domain  [Reviewed  in  Chao,  1994]  and 
p75  binding  is  in  some  cases  dispensable  for  biological  response  [Reviewed  in  Ibanez, 
1994].  Nonetheless,  it  has  been  proposed  that  p75  regulates  the  biological  response  to 
neurotrophins  by  altering  the  affinity  of  neurotrophin  binding  to  the  Trk  family 
receptors  [Benedetti,  et  al.,  1993;  Reviewed  in  Chao,  1994]. 
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Data  presented  here  suggests  that  differences  in  NRG-[3,  EGF,  and  betacellulin 
activities  play  a  significant  role  in  specifying  the  proliferation  and  differentiation  of 
human  tissues  in  vivo.  These  ligands  may  play  their  most  significant  role  in  the 
mammary  epithelium  and  tissues  of  neuroectodermal  origin.  Not  only  has  the 
expression  of  EGF  family  ligands  been  documented  in  these  cell  types,  but  these 
ligands  can  regulate  the  proliferation  and/or  differentiation  of  these  cell  types  in 
cultured  cell  or  animal  model  systems.  Furthermore,  mounting  evidence  suggests 
that  increases  in  the  expression  and/or  signaling  of  erbB  family  receptors  plays  a 
significant  role  in  tumors  of  mammary  or  neuroectodermal  origin  [Reviewed  in 
Hynes  and  Stern,  1994].  Because  betacellulin,  NRG-P,  and  EGF  have  distinct 
biological  activities  that  apparently  reflect  their  differing  abilities  to  activate  receptor 
signaling,  it  may  be  possible  to  develop  antagonists  that  specifically  disrupt 
signaling  by  a  single  EGF  family  ligand  and  may  inhibit  the  genesis  or  growth  of 
malignancies  without  disrupting  the  activity  of  other  EGF  family  ligands  in  the 
same  tissue. 
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Materials  and  Methods 

Production  of  human  recombinant  Betacellulin 

To  facilitate  refolding  and  purification,  human  recombinant  betacellulin  was 
produced  as  an  epitope-tagged  fusion  with  human  amphiregulin.  The  pPL-Lambda 
(Pharmacia)  thermoinducible  bacterial  expression  vector  was  modified  to  remove 
the  EcoRI,  BamHI,  and  Smal  sites  upstream  from  the  PL  promoter  and  a  human 
betacellulin  transcription  unit  was  inserted  into  the  unique  Hpal  site  within  the  N 
gene.  The  insertion  contained  the  lac  and  Cro  gene  Shine-Delgarno  ribosome 
binding  sites;  a  unique  Bglll  cloning  site;  an  initiating  methionine  codon;  the 
nucleotide  sequence  encoding  34  amino  acids  of  the  human  amphiregulin  precursor 
(Vall07  -  Argl40),  the  50  amino  acid  EGF-structural  motif  of  human  betacellulin 
(Arg31  -  Tyr80),  and  a  9  amino  acid  hemagglutinin  epitope  sequence  (PYDVPDYAS); 
a  stop  codon;  unique  EcoRV  and  Xbal  restriction  sites;  and  transcription  termination 
sequences.  The  resulting  plasmid,  pPLABTC-Tag,  was  transformed  into  competent 
E.  Coli  N4830-1  and  grown  at  30°C  in  1  liter  LB  media  with  50  ug/ ml  ampicillin  to 
an  Abs600  of  0.7.  Cultures  were  then  induced  by  incubation  at  42°C  for  18-24  hr. 
Following  induction,  cells  were  harvested  by  centrifugation  at  5000xg,  washed  in 
STE  buffer  (50  mM  Tris,  pH  8.0/200  mM  NaCl/2  mM  EDTA).  The  pellet  was 
resuspended  in  STE  containing  2  mM  2-mercaptoethanol,  and  lysed  by  addition  of 
0.2  mg/ ml  lysozyme  followed  by  addition  of  Triton  X-100  and  Zwittergent 
(CalBiochem)  to  1%.  To  ensure  lysis  and  solubilization  of  non-inclusion  body 
protein,  the  preparation  was  sonicated  for  2  min,  and  centrifuged  at  13000xg  for  10 
min.  The  pellet  was  resuspended  in  STE  and  sonicated  again  for  an  additional  1 
min.  The  slurry  was  then  layered  on  a  40%  sucrose  cushion  and  centrifuged  at 
13000xg  for  10  minutes  at  4°C.  The  inclusion  body  pellet  was  resuspended  in  6  M 
guanidine-HCl  (GuHCL)/50  mM  CAPS,  pH  11.0. 
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The  Betacellulin  inclusion  body  preparation  was  diluted  to  60  mM  GuHCl 
with  50  mM  CAPS,  pH  11.0/1  mM  EDTA/1.25  mM  reducing  glutathione/ 0.5  mM 
oxidizing  glutathione.  The  final  protein  concentration  was  50-100  mg/ ml  by  Biorad 
protein  assay.  Refolding  was  achieved  by  incubation  at  4°C  for  18-24  hr.  The 
solution  was  then  dialyzed  against  50  mM  sodium  phosphate  (NaP),  pH  7.5,  and 
successively  filtered  through  5  mm,  0.45  mm,  and  0.22  mm  filters  or  subjected  to 
60,000xg  centrifugation  prior  to  cation  exchange  chromatography.  Alternatively,  the 
refolded  material  was  buffer  exchanged  by  ultrafiltration  against  3  volumes  of  50 
mM  NaP,  pH  7.5. 

Cleared,  refolded  bacterially-produced  betacellulin  was  loaded  on  a  cation 
exchange  column  (Bakerbond  CSx)  equilibrated  with  40  mM  NaP  pH  7.0.  The  flow 
rate  was  1.25  ml/min  and  the  chromatography  was  carried  out  at  room  temperature. 
The  column  was  washed  with  20  column  volumes  of  40  mM  NaP,  pH  7.0,  or  until  a 
stable  baseline  was  achieved.  The  betacellulin  was  eluted  with  a  50  ml  linear 
gradient  of  0.2  -1  M  NaCl  in  40  mM  NaP,  pH  7.0.  The  peak  fractions  were  at  -550 
mM  NaCl  as  determined  by  reactivity  in  a  hemagluttinin  ELISA.  The  peak  fractions 
from  cation  exchange  chromatography  were  pooled,  diluted  to  0.2  M  NaCl  with  40 
mM  NaP,  pH  7.0,  and  applied  to  an  FPLC  TSK-heparin  5PW  column  (TosoHaas). 

The  flow  rate  was  1  ml/min.  The  column  was  then  washed  with  40  mM  NaP,  pH  7.0 
and  bound  protein  was  eluted  with  a  30  ml  linear  gradient  of  0  -  1.0  M  NaCl  in  40 
mM  NaP,  pH  7.0.  The  recombinant  tagged  betacellulin  eluted  at  -800  mM  NaCl,  and 
migrated  as  a  single  Coomassie  stained  band  on  15%  SDS-PAGE. 

Betacellulin  activity  was  measured  using  an  EGFR  tyrosine  phosphorylation  assay 
(Thorne  and  Plowman,  1994).  Recombinant  betacellulin  produced  as  a  tagged  fusion 
construct  in  bacteria  had  an  activity  indistinguishable  from  that  produced 
transiently  in  COS  cells  using  an  expression  construct  containing  the  full  length 
human  betacellulin  sequence  (Plowman,  et  al.r  in  preparation). 
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Cell  lines  and  cell  culture 

cDNAs  encoding  the  four  human  erbB  family  receptors  were  subcloned  into 
the  recombinant  retroviral  expression  vector  pLXSN  [Miller  and  Rosman,  1989], 
which  carries  a  neomycin  resistance  gene.  pLXSN  and  the  constructs  expressing  the 
erbB  family  receptors  were  transfected  into  the  mouse  Ba/F3  pro-B-lymphocyte  cell 
line  [Palacios  and  Steinmetz,  1985]  and  selected  with  geneticin,  generating  a  vector 
control  cell  line  as  well  as  clonal  cell  lines  that  express  the  four  erbB  family 
receptors,  singly  and  in  pairwise  combinations.  The  generation  of  these  cell  lines  has 
been  described  previously  [Riese,  et  al,  in  press].  The  cell  lines  used  in  this  report 
are:  LXSN/1  (vector  control);  EGFR/3;  neu/12C;  erbB-3/3;  erbB-4/7;  EGFR+neu/5D; 
EGFR+erbB-3/4A;  EGFR+erbB-4/2A;  neu+erbB-3/7A;  neu+erbB-4/15A;  and  erbB- 
3+erbB-4/2B.  Cells  were  grown  in  RPMI  (Gibco/BRL)  supplemented  with  10%  fetal 
calf  serum  (Sigma),  200ug/ml  G418  (Gibco/BRL),  and  interleukin-3  (IL-3)  supplied  as 
10%  conditioned  medium  from  the  WEHI-3B  mouse  myelomonocytic  leukemia  cell 
line  [Daley  and  Baltimore,  1988]. 

The  ranked  order  of  receptor  expression  in  the  double  recombinant  cell  lines 
is  as  follows.  For  EGFR  expression,  EGFR  +  erbB-4/2A  is  higher  than  EGFR  + 
neu/5D,  which  is  higher  than  EGFR  +  erbB-3/4A.  For  neu  expression,  neu  +  erbB- 
4/15A  is  marginally  higher  than  EGFR  +  neu/5D,  which  is  markedly  higher  than 
neu  +  erbB-3/7A.  The  levels  of  ErbB-3  expression  are  similar  in  the  EGFR  +  erbB- 
3/4A,  neu  +  erbB-3/7A,  and  erbB-3  +  erbB-4/2B  cell  lines,  while  the  levels  of  erbB-4 
expression  are  similar  in  the  EGFR  +  erbB-4/2A,  neu  +  erbB-4/15A  and  erbB-3  + 
erbB-4 /2B  cell  lines  [Riese,  et  al.,  in  press]. 
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Stimulation  and  analysis  of  erbB  family  receptor  tyrosine  phosphorylation 

2x10^  recombinant  Ba/F3  cells  were  washed  in  phosphate-buffered  saline 
(PBS)  and  resuspended  in  50ml  RPMI  supplemented  with  IL-3.  The  cells  were 
incubated  for  6-10  hours  at  37°C,  washed  in  ice-cold  PBS,  and  resuspended  in  l-3ml 
ice-cold  PBS.  Remaining  steps  were  performed  cold  or  on  ice.  The  cells  were 
transferred  in  two  to  five  0.5ml  portions  to  microcentrifuge  tubes.  Human 
recombinant  EGF  (Collaborative  Biomedical),  a  chemically-synthesized  NRG-(3  65- 
mer  [Barbacci,  et  al.,  1995;  Riese,  et  ah,  in  press]  or  recombinant  human  betacellulin 
was  added  at  a  final  concentration  of  lOOng/ml  (EGF),  94ng/ml  (NRG-P),  or 
150ng/ml  (betacellulin).  Following  a  10-minute  incubation,  cells  were  lysed  and  the 
protein  content  of  each  sample  was  assayed  as  described  earlier  [Riese,  et  al.,  in 
press]. 

Analysis  of  erbB  family  receptor  tyrosine  phosphorylation  has  been  described 
previously  [Riese,  et  al.,  in  press].  Briefly,  the  erbB  family  receptors  were 
immunoprecipitated  with  antisera  specific  for  single  receptors,  after  which  the 
samples  were  separated  by  electrophoresis  through  a  7.5%  acrylamide,  0.17% 
bisacrylamide,  0.1%  SDS  gel  [Sefton,  et  al,  1979],  electrotransferred  onto 
nitrocellulose  [DiGiovanna  and  Stern,  1995],  and  immunoblotted  with  the 
antiphosphotyrosine  monoclonal  antibody  4G10  (Upstate  Biotechnology,  Inc.). 
Antibody  binding  was  detected  with  sheep  anti-mouse  coupled  to  horseradish 
peroxidase  antibody  NA931  (Amersham)  and  enhanced  chemiluminescence 
reagents  RPN2106  (Amersham). 

Anti-receptor  antibodies  used  for  immunoprecipitation  were  as  follows:  anti- 
EGFR  mouse  monoclonal  antibody  528  [Gill,  et  al,  1984];  anti-Neu  mouse 
monoclonal  antibodies  TAb  250  [Langton,  et  al,  1991],  FSP16  [Harwerth,  et  al,  1992], 
and  TA-1  (Ab-5,  Oncogene  Science);  anti-erbB-3  rabbit  polyclonal  antiserum  SC-285 
(Santa  Cruz  Biotechnology);  and  anti-erbB-4  rabbit  polyclonal  antiserum  SC-283 
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(Santa  Cruz  Biotechnology).  Specificity  of  anti-receptor  antibodies  has  been  verified 
previously  by  testing  for  cross-reactivity  with  lysates  from  cell  lines  expressing 
heterologous  receptors  (data  not  shown). 

Stimulation  and  analysis  of  IL-3  independence 

For  each  trial  and  treatment,  Ba/F3  derivatives  made  quiescent  by  growth  to 
saturation  density  were  plated  at  a  density  of  100xlC)3  cells/ml  in  duplicate  culture 
dishes  containing  medium  lacking  IL-3  (IL-3-Free),  medium  supplemented  with  IL-3 
(IL-3),  or  in  medium  lacking  IL-3  but  supplemented  with  10  ng/ml  human 
recombinant  EGF  (EGF  -  Collaborative  Biomedical),  9.4ng/ml  chemically- 
synthesized  NRG-(3  65-  mer  (Neuregulin  -  [Barbacci,  et  ah,  1995;  Riese,  et  al.,  in 
press]),  or  7ng/ml  human  recombinant  betacellulin  (Betacellulin).  Cells  were 
stained  daily  with  trypan  blue  and  counted  in  a  hemacytometer  to  determine  viable 
cell  densities  until  each  sample  reached  a  viable  cell  saturation  density,  at  which 
time  data  collection  was  terminated.  While  not  every  cell  line  was  tested  with  every 
factor  in  every  trial,  each  combination  of  cell  lines  and  factors  shown  was  tested  in  a 
minimum  of  4  trials,  while  some  combinations  were  tested  in  as  many  as  20  trials. 
The  arithmetic  means  and  the  standard  error  of  the  means  of  the  viable  cell 
saturation  densities  were  calculated  for  each  combination  of  cell  line  and  treatment 
[Zar,  1984].  Cultures  exhibiting  viable  cell  saturation  densities  of  less  than  20x1 0^ 
cells/ml  were  judged  to  be  nonresponsive  to  stimulation.  Cultures  with  viable  cell 
saturation  densities  of  50-400x10^  cells/ml  were  judged  to  be  exhibiting  survival  but 
not  proliferation.  Cultures  with  viable  cell  saturation  densities  of  greater  than 
800x10^  cells/ml  were  judged  to  be  exhibiting  proliferation. 
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Table  1. 


Summary  of  Stimulation  of  Receptor  Tyrosine 
Phosphorylation  and  IL-3  Independence 


Cell  Line  Receptor 

Betacellulin  Betacellulin 
Tyr  IL-3 

Phos.a  lndpt.b 

mm 

EGF  EGF 

Tyr  IL-3 

Phos.a  lndpt.b 

EGFR 

Neu 

erbB-3 

erbB-4 

+  S 

N 

N 

+  N 

N 

+c  sc 

N 

+  N 

+  S 

N 

NTd 

NTd 

EGFR+Neu  EGFR 

Neu 

+  P 

+ 

*c  Sc 

*c 

+  P 

+ 

EGFR+erbB-3  EGFR 

erbB-3 

+  S 

+ 

+  N 

+ 

+  S 

+ 

EGFR+erbB-4  EGFR 

erbB-4 

+  P 

+ 

+  P 

+ 

+  S/P 

+ 

Neu+erbB-3  Neu 

erbB-3 

N 

+  S 

+ 

1  1 

— 1 
Q. 

Neu+erbB-4  Neu 

erbB-4 

+  S 

+ 

+  s 

+ 

N 

erbB-3+erbB-4  erbB-3 

erbB-4 

N 

+ 

+  N 

+ 

N 

aResults  are  abstracted  from  Figures  1  and  2,  Riese,  et  ah,  in  press,  and  similar 
unpublished  data.  "+"  indicates  increased  receptor  tyrosine  phosphorylation  over 
basal  levels,  indicates  no  increase  in  receptor  tyrosine  phosphorylation,  and 
indicates  ambiguity  due  to  high  basal  levels  of  receptor  phosphorylation. 

^Results  are  abstracted  from  Figure  3.  "N"  indicates  no  IL-3  independent 
response,  "S"  indicates  stimulation  of  IL-3  independent  survival,  "P"  indicates 
stimulation  of  IL-3  independent  proliferation,  and  "S/P"  indicates  stimulation  of  an 
intermediate  response.  "NT"  indicates  not  tested. 

cThe  NRG  response  is  apparently  due  to  interactions  with  the  endogenous 
erbB-3  in  Ba/F3  cells  [Riese,  et  ah,  in  press]. 

^Given  the  absence  of  receptor  tyrosine  phosphorylation,  no  IL-3 
independent  response  is  expected. 
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Cell  Line  /IP:  E 
Treatment: 


Figures  and  Figure  Legends 


Figure  1.  Regulation  of  receptor  tyrosine  phosphorylation  by  betacellulin  in 
single  recombinant  Ba/F3  derivatives. 

Lysates  from  untreated  or  betacellulin-treated  Ba/F3  derivatives  were 
immunoprecipitated  with  anti-receptor  antibodies  and  analyzed  by  immunoblotting 
with  anti-phosphotyrosine  antibody.  The  cell  lines  and  immunoprecipitating 
antibodies  are  as  marked.  Lysates  from  betacellulin-treated  cells  are  denoted  "+" 
while  lysates  from  untreated  cells  are  denoted 


September  14, 1995 


25 


2a 


Cell  Line /IP:  EGFR  Neu  _ ErbB-4 

Treatment:  -BNE-BNE-BNE 


Zb 


Cell  Line: 

IP  Antibody: 
Treatment: 


EGFR  +  Neu 

12  2  112  12 
-  -  B  B  N  N  E  E 


EGFR  +  ErbB-3 

13  13  13  13  1  1 

-  -  BBNNEE  BE 


■  •  □  0 


26 


Figures  2a-d.  Comparison  of  receptor  tyrosine  phosphorylation  in  Ba/F3 

derivatives  stimulated  with  betacellulin.  EGF,  or  NRG-(3. 


Lysates  from  untreated  or  ligand-treated  Ba/F3  derivatives  were 
immunoprecipitated  with  anti-receptor  antibodies  and  analyzed  by  immunob lotting 
with  anti-phosphotyrosine  antibody.  The  cell  lines  are  as  marked. 
Immunoprecipitating  antibodies  were:  al  or  1,  anti-EGFR;  a2  or  2,  anti-Neu;  a3  or  3, 
anti-erbB-3;  a4  or  4,  anti-erbB-4.  Lysates  from  betacellulin-treated  cells  are  denoted 
"B",  lysates  from  NRG-p-treated  cells  are  denoted  "N",  lysates  from  EGF-treated  cells 
are  denoted  "E",  and  lysates  from  untreated  cells  are  denoted  Lighter  exposures 
of  the  lanes  denoted  by  ■  and  •  are  denoted  by  □  and  O. 
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IL-3  Independence  Assay 


IL-3  Independence  Assay 
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Figures  3a-b.  IL-3-independent  saturation  density  of  Ba/F3  cells  treated  with 

betacellulin,  EGF,  or  NRG-|3. 


Ba/F3  derivatives  were  plated  at  a  density  of  lOOxlO^  cells/ml  in  medium 
lacking  IL-3  (IL-3-Free),  medium  supplemented  with  IL-3  (IL-3),  or  in  medium 
lacking  IL-3  but  supplemented  with  10  ng/ ml  human  recombinant  EGF  (EGF), 
9.4ng/ml  NRG-J3  65-  mer  (Neuregulin),  or  7ng/ml  human  recombinant  betacellulin 
(Betacellulin).  Viable  cell  saturation  densities  were  calculated  two  to  four  days  after 
seeding.  Each  combination  of  cell  lines  and  factors  was  tested  four  to  twenty  times, 
and  the  arithmetic  means  of  the  viable  cell  saturation  densities  are  indicated  by  the 
filled  bars,  while  the  standard  error  of  the  means  are  indicated  by  the  error  bars. 
Because  cultures  treated  with  IL3-free  medium  exhibited  densities  of  less  than  4x1 0^ 
cells /ml,  these  values,  represented  by  the  left-most  bar  for  each  cell  line,  are  not 
apparent  on  the  graphs.  Some  of  the  data  describing  the  responses  to  stimulation 
with  NRG-(3  or  control  media  has  been  previously  published  [Riese,  et  ah,  in  press]. 
"NT"  indicates  not  tested. 
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